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Abstract 
The following work describes the synthesis of compounds carrying a vicinal difluoro 
motif and the evaluation of this structural element to influence the conformation of 
organic molecules. The synthesis of erythro and threo 1,2-difluoro-1,2-diphenylethane 
was achieved by bromofluorination and subsequent halogen exchange from stilbene. 
Oxidative degradation of the phenyl rings allowed to access erythro and threo 2,3- 
difluorosuccinic acids and a variety of derivatives thereof. The conformations of these 
compounds were investigated by means of X-ray analysis and NMR spectroscopy. 
Conformational analysis of derivatives of 2,3-difluorosuccinic acid was carried out 
using JHFandJHHNMR coupling constants. A clear preference for the conformations in 
which the two vicinal C-F bonds are gauche emerged from these calculations, which 
was confirmed by temperature and solvent dependent NMR analyses. 
The vicinal difluoro motif was incorporated into small peptide structures. In the solid 
state, a strong preference to align the vicinal C-F bonds gauche to each other was 
observed and when adjacent to an amide moiety, the C-F bond was found to prefer an 
anti periplanar orientation with respect to the carbonyl bond. These effects appeared to 
override steric and electrostatic interactions. The conformation of these fluorine- 
containing peptides showed a clear dependence on the stereochemical orientation of the 
C-F bonds, and this appears to be an effective tool for influencing the secondary and 
consequently tertiary structure in a predictable manner. In order to access single 
enantiomers of peptides having the vicinal difluoro, motif, a stereoselective route to R, R 
and SS 2,3-difluorosuccinic was developed. This involved nucleophilic fluorination of 
the cyclic sulfates generated from (R, R)- and (SS)- diethyl tartrates and subsequent 
deoxofluorination of the intermediate fluorohydrins. 
I Introduction 
Fluorinated compounds have found wide application in our all daily lives. A large 
number of agrochemicals and drugs, but also polymers, lubricants, coatings, liquid 
crystals, owe their unique properties to the introduction of fluorine. Fluoroorganic 
compounds can have extreme properties. Molecular fluorine for instance is 
extraordinarily reactive, a powerful fluorinating reagent and the most powerful 
oxidant known. If applied in undiluted form, fluorine spontaneously cornbusts or 
explodes on contact with organic compounds. In contrast, the inertness of 
perfluorocarbons and halofluorocarbons can make them persistent on a geological 
time scale, an effect, which can causes ecological problems in certain cases. 
The introduction of fluorine has a strong influence on the physical properties of 
organic compounds. Dipole moment, lipophilicity, acidity/basicity, thermal and 
oxidative stability of a given molecule can be significantly influenced by the presence 
of a fluorine atom. Neighbouring functional groups are directly affected by fluorine 
substitution, thereby strongly influencing chemical reactivity and biological activity 
of organic compounds. The magnitude of such changes is influenced by the proximity 
of the fluorine atom, but can be significant even when the fluorine is remotely 
attached to the functional group. 
Naturally occuring organofluorine compounds are rare and thus fluoroorganic 
compounds have to be obtained by organic synthesis. With respect to the so-called 
inductive and resonance effects caused by fluorine, conventional synthetic methods 
are however not always applicable, and surprises that emerge 
in predicting the 
behaviour and reactivity of fluoroorganic compounds have led to such terms as 
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"flustrates" being coined. ' A specialised understanding of reaction mechanisms, 
reagents, and synthetic strategies based on the unique chemical and physical 
properties of fluorine is essential for the synthesis of structurally complex 
organofluorine compounds. Despite the development of novel fluorinating reagents 
that have emerged as an answer to the increasing demand for fluorine containing 
substances, selective fluorination remains one of the most challenging aspects in 
modem organic chemistry. The application of modern fluorinating reagents and the 
development of new synthetic strategies for the regio- and stereoselective introduction 
of fluorine is described which adds a contribution to the important field of 
fluoroorganic chemistry. 
1.1 Electronic and steric properties of fluorine 
(1 
V 
C 
I 
Figure 1.1. Periodic table of the elements showing their Pauling electronegativites. 
The physical properties of fluoroorganic compounds are governed 
by the moderate 
size and high electronegativity of fluorine. As the most electronegative element 
in the 
periodic table (Figure 1.1), fluorine attracts the 
bonding pair of electrons in a covalent 
bond more strongly than any other element and thus forms the strongest 
bond to many 
2 
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elements including carbon. The high electronegativity of fluorine arises from the high 
positive charge of the fluorine nucleus, which causes a strong attraction for its 
electrons. The valence shell electrons are relatively close to the fluorine nucleus due 
to the absence of d or f orbitals, and consequently experience a strong attraction 
(Figure 1.2). 
1 
HF 
1 
HCI 
Figure 1.2. Valence shell electrons for the molecules hydrogen fluoride and hydrogen chloride. Despite 
the same nuclear charge, the chlorine nucleus attracts the valence electrons somewhat less strongly than 
the fluorine nucleus due to the shielding effect of the 8 inner p electronS. 2 
The high electronegativity of fluorine is coupled with its small size. The Van der 
Waals radius of fluorine lies between that of hydrogen and oxygen (Table 1-1). 
Therefore substitution of fluorine for hydrogen or oxygen causes only minor steric 
perturbations in organic molecules, a strategy which has widely been applied in the 
pharmaceutical and agrochemical industries to alter physiological and 
pharmacokinetic properties of biologically active lead compounds. 3 
Table I. I. Van der Waals radii of elements often encountered in biologically active lead structures. 
Element HF CI Br 
0 van der Waals radius [A] 11 1.20 1 
The small Van der Waals radius of fluorine is a direct effect of its high 
electronegativity. The outer electrons experience a strong attraction 
from the nucleus 
3 
Chapter I Introduction 
which is not offset by extra shielding orbitals from inner electrons, and consequently 
the valence shell of fluorine comes closer to its nucleus than that of any other element 
with the exception of hydrogen and helium. 
The small size of fluorine comes along with a low polarisability. Although fluorine 
has nine times as many electrons, the fluorine atom has the same atomic polarisability 
as hydrogen (Table 1.2). One rationale is the high charge of the fluorine nucleus 
which exercises a strong attraction to its valence electrons. The outer electrons are in 
close proximity to the nucleus which makes it very difficult to be influenced by 
external charges, and hence the low polarisability. The ability to form covalent bonds, 
and the nature of such bonds, is directly affected by the polarisability of the bonded 
atoms. In general, the bonds formed by fluorine are more ionic in character and 
therefore extraordinarily strong. For example, aluminium fluoride is considered to be 
ionic because the small fluoride ion cannot be polarised sufficiently to form a covalent 
bond, even though the "charge density" of the aluminium ion is very high. In contrast, 
aluminium iodide is entirely covalent due to the higher polarisability of iodine (Table 
1.2). 
Table 1.2. Atomic polarisability A3 for hydrogen and the halogen atoms given in 
10-24 CM3.4 
Cl Br 
3 [10-24 cm 
310.5 -0.5 2.2 ý 3.1 ý, 4.7 
Fluorine has a strong tendency to accommodate a single electron in its valence shell 
and form fluoride ion. With an electronic configuration of 
IS2 2S2 2pX2 2p Y2 2p, 1 it needs 
only one more electron to fill its valence shell and arrive at 
the electronic 
4 
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configuration of the noble gas neon. The electron affinity refers to the tendency of an 
element to take up an electron and is thus a measure of attraction between an 
additional electron and the nucleus. Fluorine has a higher electron affinity than 
bromine or iodine (Figure 
Electron affinity of the halogen elements 
400 
0 
E 
300 
200 
c 100 
LLI 
Figure 1.3. Electron affinities of the group 7 elements in comparison. 
Surprisingly, the first electron affinity of fluorine is smaller than that of chlorine, 
which is assumed to be a result of electrostatic repulsion between the incoming 
electron and the valence electrons. The relatively high electron affinity of fluorine is 
as a result of the proximity of the incoming electron to the nucleus (Figure 1.4). On 
the other hand, the ionisation energy of fluorine is very high compared to any other 
halogen atom. The first ionisation potential shows periodicity and varies from Li to 
Ne, and from Na to Ar in a sequential manner (Figure 1.5). These variations in the 
- C-1 .. first ionisation potential can be explained in terms of the electronic structures. In 
going across the period, the increasing number of protons in the nucleus will pull the 
electrons in more tightly, and therefore, the ionisation energies become 
higher 
towards the end of each period. 
5 
Ruorine Chlorine Brornine Iodine 
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Figure 1.4. The attraction that an incoming electron experiences is dependent on the distance of the 
valence electron shell from the nucleus. This will directly affect the first electron affinity of the atoms. 
The decrease in ionisation energy when going down the group can be understood in 
terms of the increasing distance of the outer electrons from the nucleus. The large 
ionisation energy for fluorine (Figure 1.5) shows a high degree of attraction between 
the outer electrons and the nucleus and is a measure of the energy to generate a 
positively charged fluoronium ion (F). 
2500 
2000 
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Petiod 2 
Figure 1.5. The first ionisation energies for the period 2 and period 3 elements. 
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1.2 The carbon-fluorine bond 
As a result of its high electronegativity, fluorine forms the strongest covalent bonds 
known (Table 1.3). That applies in particular to hydrogen, carbon, silicon, and boron, 
where the bonds to fluorine are stronger than with any other element. 5The strength of 
the carbon-fluorine bond has also been rationalised in terms of an excellent match of 
the 2s or 2p orbitals of fluorine with the corresponding orbitals of carbon. 
Table 1.3. Bond dissociation energies for some atoms and functional groups bonded with fluorine. 
D'[kj/mol] HF cl Br I CH3 CF3 
LH 436 8 ýk 439 1L 450 LCH3 -ýýj 439 472 [L ý39 7=7 
11 450 -F--ýý4 T 227 423 f 413 FCFi 11 547 IF 362 
For carbon, the bond energy increases with increasing degree of fluorination. For 
instance, the C-F bond dissociation energy in CF4 is significantly highenr than in 
CH3F. The high bond energy is reflected in the high thermal and chemical stability of 
fluorinated organic compounds and the resistance of sp 3 centred carbon to undergo 
nucleophilic attack. 
Table 1.4. Bond length of the C-F bond compared to some other elements. 
Bond C-H C-C GO C-F C-Cl C-Br C-1 
Length [A] 1.09 1.53 1.42 IL 1.39 1.79 11 1.94 2.13 
j4 1=6 326 --ILL26--]ý .3 Energy [kJ/mol]- 347 485 50.7 
JL ! ý4-ýL 
The C-F bond length is most similar to that of the C-H bond (Table 4). Therefore 
substitution Of fluorine for hydrogen generates molecules that closely resemble the 
7 
Chapter I Introduction 
corresponding non-fluorinated compound in size. The CH2F and CF2H groups have 
been proposed to be isosteric (and also isopolar) replacements for the hydroxyl group 
because of their comparable size and electronic distribution. The CF2H group is 
especially attractive in this regard due to its potential to act as a hydrogen donor, 
allowing interactions with solvent and other molecules. 
1.3 Electronic effects induced by fluorine 
The stability of the carbon-fluorine bond increases with the number of fluorine 
substituents bound to the carbon atom. The increase in stability is reflected by the C-F 
bond length: CH3F (140 pm) > CH2F2 (137 pm) > CHF3 (135 pm) > CF4 (133 pm). 
This stabilisation has been rationalised in terms of the dipolar resonance structures I 
and 2, which cause a self-stabilisation of multiple fluorine substituents by back- 
bonding of the fluorine lone pairs onto the same carbon atom (Scheme 1.1). 
8 
resonance effect 
(stabilising) 
FF 
1 2 
inductive effect 
(destabilising) 
a 
3 
Scheme I. I. Electrostatic and resonance effects in fluoroalkanes. The resonance effect of fluorine leads 
to stabilisation of (x-fluoro cations, whereas P-fluoro cations are destabilised by the 
inductive effect 
caused by the fluorine atom. 
In addition, perfluorocarbons gain kinetic stability by shielding of the central carbon 
atom. This shielding or "coating" originates from the tightly bound lone pairs of the 
fluorine atoms, that are effective in delivering enough electrostatic repulsion to 
8 
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prevent nucleophilic attack at the carbon atom. This "coating effect" for instance 
renders perfluorinated compounds extremely inert to basic hydrolysis. 9 
The presence of fluorine strongly influences the stability of adjacent carbanions and 
carbocations, a tendency which has been referred to as "a-fluorine effects". 
Carbocations that are adjacent to a fluorine substituent are stabilised by donation of 
the nonbonding electron pairs. Experimental proof has been found by gas-phase 
hydride affinity measurements which suggest a stability order for fluoromethyl 
cations as: CH3 +< CF3 +< CH2F+ < CHF2+-10 The trifluorinated species is less stable 
than its mono and difluorinated analogues, presumably due to clestabilising 
electrostatic repulsion between the fluorine lone pairs. 
Table 1.5. Reactivities of alkyl bromides towards nucleophilic attack of NaOPh in MeOH at 20 T. " 
ite k (I*mol-'s" x 10') 
CH3CH2Br 
CH3CH2CH2Br 
FCH2CH2Br 
CICH2CH2Br 
BrCH2CH2Br 
39.1 
25.6 
4.95 
5.61 
4.99 
In contrast, P-fluorocarbocations 3 are destabilised due to the inductive effect of the 
fluorine (Scheme 1.1). This can have a substantial effect upon reactivity of contiguous 
nucleophilic centres. Thus, introducing fluorine oc-, P-, ory- to the reaction centre 
usually reduces reactivity towards nucleophilic substitution, 
12 while fluorine attached 
directly to the reaction centre has an activating effect. 13 The deactivating effect of P- 
fluorine substitution on carbocation formation is illustrated by comparison of different 
substituted alkylbromides towards nucleophilic substitution 
(Table 1.5). From the 
9 
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data, it becomes clear that the effects are not very different for the individual 
halogens, and so halogen substitution in general reducesSN2 reactivity by comparison 
with non-halogenated substrates. 
Table 1.6. Base-catalysed deuterium exchange in various haloforms at 0 'C in D20- 
14 
Haloform Rateofexchange 105 k (I*mol-s-1) 
Too slow to measure 
16 
820 
3600 
101000 
Intuitively one would expect, that the high electronegativity of fluorine will stabilise 
an adjacent carbanion. This is not the case as electrostatic n-n repulsion between the 
anionic centre and the fluorine lone pairs actually lead to destabilisation of an (x- 
fluorocarbanion 4 (Scheme 1.2). 15 This effect has been confirmed by measuring the 
exchange rates and acid strength for a variety of halogenated compounds (Table 1.6 
and 1.7). 
Table 1.7. Apparent ionisation constants of substituted nitromethanes in water at 25 T. The fluoro 
nitromethane has a much lower acidity than its chlorinated analogue. 
16 
XCH(N02)2 pKa 
X=H 3.57 
X=Cl 3.80 
X=F 7.70 
10 
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P-Fluoroanions 5 on the other hand, are stabilised by ý-fluorine. This effect has been 
confirmed by measuring the relative acidities of hydrogen in polyfluoro compounds. 17 
A large contribution in stabilising P-carbanions results from negative hyper- 
conjugation (Scheme 1.2). 
n-p repulsion inductive effect negative hyperconjugation (destabilising) (stabilising) (stabilising) 
HH 
F <I 
FG 
455 
Scheme 1.2. Influence of fluorine on the stability of a-fluorocarbanions 4 and P-fluorocarb anions 5. 
A large contribution for this stabilisation has also been concluded from the rates of 
sodium methoxide catalysed deuterium exchange of monofluorohydrocarbons (Table 
1.8). The significant differences in exchange rates reflect fluorocarbanion stabilities, 
in the sequence of 3' > 2' > 1'. The results indicate that nine P-fluorine atoms are 
much more stabilising for the carbanion than three ot-fluorine atoms. In general, the 
larger the number of P-fluorines the more equivalent resonance structures can be 
drawn, and consequently, the more stabilised is the carbanion. 
Table 1.8. Relative rate of sodium methoxide catalysed deuterium exchange between methanol-d 6 and 
monohydrofluorocarbons at -29 T. 
18 
Relative rate 
CF3-H 
CF3(CF2)5CF2-H 
(CF3)2CF-H 
(CF3)C-H 
1.0 
6.0 
pK. estimated 
28 
27 
2x 10' 18 
1xiol 
II 
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In vinyl fluorides n-ir repulsion between the fluorine lone pairs and the n electrons 
leads to destabilisation of the double bond. This is accompanied by a resonance effect 
in which the lone pairs of the fluorine substituent conjugate with the 7c-system 
(Scheme 1.3). 
FF >FQ 
7 8 
Scheme 1.3. Electrostatic repulsion 7 and resonance effects 8 operating in viny1fluorides. These 
compounds generally are destabilised relative to nonfluorinated alkenes due to n-7r orbital repulsion. 
2 The combined effects cause a strong preference for sp fluorine- substituted centres to 
3 
rehybridise to sp , which 
is consistent with the increased reactivity of fluoroalkenes 
and fluorinated enol ethers in pericyclic reactions. For example, it has been observed 
that vinyl fluorides are much better substrates in Claisen rearrangements than their 
nonfluorinated analogues, a reaction which involves rehybridisation Of SP2 to SP3 
centres. 
19 
Nucleophilic substitution on SP2 centres is usually accelerated by fluorine substitution. 
This effect is not attributed to the lower stability of vinylic fluoride, but is rather the 
20 
result of a two-step addition-elimination process . 
The nucleophilic attack towards 
vinyl fluoride 9 is accelerated by inductive effect of fluorine. The process affords a ý- 
fluorocarbanion 10 which undergoes fluoride elimination to yield the substituted 
alkene 11 (Scheme 1-4). 
12 
Chapter I 
R 
>=< 
H 
H Xý*"ý 
N O(D 
9 10 
Scheme 1.4. The two-step addition-elimination mechanism for nucleophilic substitution at SP2 centres. 
Mechanistically, the transition state involves a P-fluorocarbanion, which is stabilised 
by negative hyperconjugation into the (Y* C-F orbital. The appearance of geometric 
mixtures for the vinyl fluoride 12 may be the direct result of a more stable and longer- 
lived P-fluorocarbanion that allows time for rotation and thus gives rise to the 
isomeric products 13 and 14 (Scheme 1.5). 
C6H5 
-< 
cl 
F F3C 
12 13 14 
Scheme 1.5. Vinyl fluorides undergo nucleophilic substitution readily to eliminate fluoride ion. 21 
The rate determining step of the reaction is the addition of the nucleophile, which is 
strongly influenced by the inductive effect of fluoride. Comparison of the reaction 
rates of several haloalkenes illustrate this effect. " Interestingly, when both F and Cl 
are attached to the same vinylic carbon, chlorine is selectively displaced over fluorine 
(Scheme 1.5). This seems to be in contrast to the superior reactivity of viny1fluorides, 
but can be rationalised in terms of the better leaving group ability of chlorine over 
fluorine. 23 
Introduction 
addition 
RH 
elimination RH b- 0 -- 
I 
-- Nu >=< 
LHX, 
H Nu 
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1.4 Effect of fluorine substitution on physical properties 
The introduction of fluorine will have a significant impact upon the physical 
properties of organic compounds. In particular, the parameter most obviously 
influenced are boiling point, refractive indexes, surface tensions, lipophilicity, acidity 
and basicity of the molecules. For instance, perfluorocarbons have extremely low 
surface tensions which makes them nearly ideal liquids with high vapour pressures 
and high compressibility. This can be attributed to the small inter- and intra-molecular 
forces operating in perfluorocarbons, an effect which mainly result from electrostatic 
repulsion of the electronegative fluorine atoms. 
Table 1.9. pK, and pKb values of organic acids and bases in comparison with their fluorinated 
analogues. 24 
Carboxylic acid pKa 
CH3COOH 4.76 
CH2FCOOH 2.59 
CHF2COOH 1.34 
CF3COOH 0.52 
CC13COOH 0.56 
Most obviously, fluorine substitution influences the pK, and pKbof organic acids and 
bases. This is due to the high electronegativity of fluorine and its correlated negative 
inductive effect. The acidifying effect of fluorine increases with the number of 
fluorine substituents, and is highest for the trifluoromethyl substituted compounds 
(Table 1.9). 
14 
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The influence of the fluorine on acidity significantly falls off with distance. For 
example, trifluoroacetic acid is four orders of magnitude more acidic than acetic acid. 
However, trifluoropropionic acid is considerably less acidic and the acidity is further 
decreased in trifluorobutyric acid (Table 1.10). 
Table 1.10. Acid constants of a series of aliphatic acids X3C-(CH2)r, -COOH and their trifluoro, 
derivatives relative to acetic acid (pK,, = 4.8 ). 
25 
x 
H 
F 
ApKa 
0.0 
-4.6 
+0.1 
- 1.9 
0.0 
-0.6 
0.0 
-0.3 
In general, the introduction of fluorine reduces the basicity of functional groups. The 
decreasing effect of fluorine substitution on basicity can be understood in terms of the 
high electronegativity of fluorine, which decreases electron density at the electron 
donor group. The effect of fluorination on basicity is directly related to a higher 
acidity of their conjugated BrOnstedt acids. The effect is illustrated for fluorinated 
aliphatic ammonium salts (Table 1.11). Again, the effect is dependent on the distance 
between the fluorine atoms and the basic functional group. Accordingly, the pKa 
values of trifluoroalkylammonium salts steadily decrease from fluoroethyl to 
fluorobutylammonium salts. It is important to mention that the nucleophilicity of 
amines is much less affected by fluorine substitution than its basicity. 
15 
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Table 1.11. Dissociation constants of fluoroalkylammonium salts X-(CH2), -CH2-NH4 relative to the 
halogen-free ethyl, propyl, and butyl ammonium salts ý)Ka = 10.7). 
26 
x ApKa 
H 0.0 
F 4.8 
H20.0 
F2 
H30.0 
F3 1[--I. l 
Changes in acidity or basicity of a given molecule due to fluorine substitution will 
strongly influence the ability of a molecule to interact with the solvent (e. g., to form 
hydrogen bonds) and thus will strongly affect their lipophilicity. The influence of 
fluorine substitution on lipophilicity can be complex, in particular for multiple 
fluorinated compounds, or molecules that contain various functional groups or 
heteroatoms. Lipophilicity is usually decreased in cases, where the introduction of 
fluorine strongly affects the overall dipole moment of the molecule. This is the case 
for fluorinated carbonyl compounds, monofluorinated saturated alkanes, and 
trifluoromethylated saturated alkanes. 
The relative lipophilicity of (X-fluorinated carbonyl compounds is usually decreased 
compared to their non-fluorinated analogues. This effect can mostly be attributed to 
hydration of the carbonyl group, which drives partitioning relative to the non- 
fluorinated analogues towards the aqueous phase. On the other hand, lipophilicity is 
increased for fluorinated aromatic compounds, fluorine adjacent to heteroatoms, or 
fluorination adjacent to atoms with Ti-bonds such as fluoroolefins. Perfluorinated 
aliphatic or aromatic hydrocarbons generally 
have the highest degree of lipophilicity. 
16 
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1.5 Stereoelectronic Effects 
The introduction of fluorine into an organic compound can strongly alter the 
conformation of the molecule due to stereoelectronic effects that arise from the high 
electronegativity of fluorine. Stereoelectronic effects in general include electrostatic 
dipole-dipole interactions, and effectsthat arise from bonding, non-bonding or anti- 
bonding orbital interaction. Such ýeffects can have a profound influence on molecular 
conformation, and thus, are fundamental to understanding the chemical and 
physiological properties of organofluorine molecules. 
OH 
HO-\ 
is 
OH 
HO x 
OH 
16 
X=F, Cl, Br, OH 
9- 
17 
Scheme 1.6. The cc-anomer 15 with the glycosylic substituents axial is stabilised over the P-anomer 16 
by hyperconjugation of the antiperiplaner nonbonding orbital of oxygen into the CA bond of 17. 
The "anomeric effect"' originally described the thermodynamic preference for polar 
groups bonded to the anomeric carbon of a glycopyranosyl. sugars to take up an axial 
27 
position (Scheme 1.6). The stabilisation of the axial conformation of the glycosylic 
substituent can be explained in terms of n-(T* hyperconjugation between the ring 
oxygen lone pair and the carbon-halogen bond. The orbital overlap is more effective 
when the orbitals are antiperiplanar to each other, and consequently, the axial 
conformer 17 is electronically stabilised (Scheme 1.7). 
The stereoelectronic preference for the axial conformation of (x-D-glucose can also be 
argued in ten-ns of dipole interactions of the endocyclic oxygen and the anomeric 
hydroxyl group. For the P-anomer 20 the dipoles are pointing in the same direction 
17 
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and are thus electrostatically unfavoured, whereas in the ot-anomer 19 the axial 
hydroxyl can partially compensate the dipole of the endocyclic oxygen (Scheme 1.7). 
00 
t* 
00 Kýý C2 H C2 OH 
c00 5ý 
OH 0C 
25ý 
el 
IG 19 
18 19 20 
Scheme 1.7. Dipole moments for the (x-anomer 19 and the P-anomer 20 of a glucoside are illustrated 
by a Newman projection. The dipole moments of the ring oxygen and the anomeric substituent can be 
better compensated for in the cc-anomer making the conformation thermodynamically more stable. 
In aqueous solution however, the P-conformation is favoured over the a-conformer in 
glucopyranosyl sugars. This is due to hydration of the molecules by the solvent which 
renders steric effects more influential, and in addition, the effective dipole moments 
28 
of the structures are decreased by hydration . 
The anomeric effects is not only of 
theoretical importance, but can have a strong influence on the chemical stability and 
reactivity of organic molecules. This is demonstrated impressively by the difference 
in stabilisation energy in the desymmetrisation of glycerol (Scheme 1.8). 
Bn0-""ýOH 
OH 
96% ee 
21 
22 OH 
r OH OH 
CSA, Toluol 
HO, 
ýýlo, 
23 24 
Scheme 1.8. Protection of glycerol 22 with the chiral di-dehydropyran 21 results in formation of 
spiroketal 23. The free hydroxyl group 
is then derivatised and gives the monoprotected glycerol 24 
after acidic hydrolYsis- 
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In the synthesis of optically active glycerol 24, a chiral auxiliary reacts with glycerol 
to fon-n a spiroketal, which is stabilised by a double anomeric effect over all other 
possible products. The parent spiroketal 23 can thus be obtained in high enantiomeric 
excess, which gives rise to the monoprotected alcohol 24 in enantiornerically pure 
017M. 29 
The conformational preference for the axial conformation in glucosides is a special 
case of the "generalised anomeric effecr. According to the theory, a preference for 
the gauche over the anti conformation of the C-Y bond exists in systems of the 
general structure C-Y-C-X. 30 The effect is illustrated for chloromethoxy methane, 
where the gauche conformation 25 is of higher stability than the anti conformation 
(Scheme 1.9). 
H 
Hý Cl 
Me 
cl 
0 0 
H 
Me 
25 26 
Scheme 1.9. The gauche conformation 25 is electronically preferred over the anti structure 26. The 
stabilisation most likely arises from n-a* hyperconjugation and dipole-dipole compensation. 
31 
The generalised anomeric effect is also obvious in fluoroorganic compounds such as 
2-deoxy-2-fluorosugars 27 and (x-fluoro ethers 28 (Scheme 1.10). Theoretical studies 
in small systems containing the O-C-F motif, for instance fluoromethanol and 
fluoromethyl ether have revealed a preference for the gauche conformer over the anti 
conformer by up to 6.0 kcal/mol. 
32 
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Scheme 1.10.2-Fluoro-2-deoxy sugars and (x-fluoroethers prefer a conformation in which the 
nonbonding orbital of oxygen aligns antiperiplanar to the electron-deficient C-F bond. 
Probably the most widely discussed stereoelectronic effect associated with the CT 
bond is the "gauche effect", which commonly refers to the preference for two vicinal 
C-F bonds to align gauche rather than anti to each other (Scheme 1.11). 
F 
HH 
HH 
F 
29 
-1 kcaVmol 
H 
H (-t--ý F 
HýýF 
H 
30 
Scheme 1.11. Gauche and anti conformation of difluoroethane. In the gas phase, the gauche conformer 
30 is stabilised over the anti structure 29 in the gas phase by about I kcal/mol. 33 
The conformation of 1,, 2-difluoroethane has been investigated extensively, and the 
34 
preference for the gauche conformation has been confirmed by NMR , electron 
diffraction, 35 FTIR and Raman spectroscopy. 36 The changes in rotation energy about 
the carbon-carbon bond were investigated by ab initio calculations and found to be 
similar to those for n-butane. 37 The preference for the gauche conformation in 1,2- 
difluoroethane is particularly surprising as this structure does not accommodate dipole 
compensation and appears to override electrostatic repulsion of the fluorine atoms. 
Apparently, an electronic effect operates within the vicinal difluoro alkane by which 
these effects are compensated for. 
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Table 1.12. The energies and percentage of population for the rotational isomers of 1,2-disubstituted 
ethanes at 20 T. Estimated errors are given in parentheses. 38 
% gauche 
% trans 
more stable isomer 
A, (-O 
-112 '*-- 1 -12 
> 67 
< 33 
gauche 
0.59-1.42 
CICH2CH2CI 
27(7) 
73(7) 
trans 
0.89 
BrCH2CH2Br 
11(5) 
89(5) 
In contrast, 1,2-bromo and 1,2-dichloroethane prefer the conformation in which the 
carbon-halogen bonds align anti to each other (Table 1.12). The higher relative 
stability of the trans over the gauche isomers in these molecules can be understood in 
terms of electrostatic effects and steric repulsion of the bigger halogen atoms. 39 
The "gauche effect" has initially been described as the tendency for a molecule to 
adopt a conformation with the maximum numbers of gauche interactions between the 
most polar bonds or non-bonded electron pairs . 
40 The most obvious explanation for 
the stabilisation of the gauche conformer 31 arises from hyperconjugation (Scheme 
1.12) 
1-ý H 
-*% 
H (HI r 
K', 
FF 
1 
H 
. "/F 
GCH G*CF 
HOMO LUMO 
31 
Scheme 1.12. Hyperconjugation in 1,2-difluoro ethane 31. The interaction of the bonding (T 
C-H orbital 
with the nonbonding (T* C-F orbital is assumed to stabilise the gauche conformation. 
The stabilisation is optimal when the best (7-donor 
bond is anti-periplanar to the best 
acceptor bond, consequently the electron-rich 
C-H bond and the electron-deficient C- 
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F bond will have a tendency to be opposite to each other. In vicinal difluoroalkanes 
the occupied (Y-orbitals of the GH bond and the anti-bonding (T* orbitals of the C-F 
bond may favourably interact as their energy difference is largest. Evidence for 
hyperconjugation has emerged from both theoretical calculations and experimental 
data to support hyperconjugative electron donation in neutral fluorocarbons. 41 
The "gauche effect" has also been rationalised by the so-called "bent bond 
hypothesis". According to the theory, a covalent bond can be described as the path of 
maximum charge density between a pair of bonded atoms. 42 In case of the trans 
isomer of I 2-difluoroethene, the path of the C-C bond seems distorted towards 
opposite directions, which leads to reduced overlap and weakening of the (7 C-C bond. 
In the cis isomer on the other hand the electron density is bent in the same direction, 
thus leading to better orbital overlap in a "bent bond" and thereby stabilisation of that 
conformer (Figure 1.6). 
/ 
........... 
Figure 1.6. Difference between the electron density map for trans-1,2-difluoethene (left) and cis-1,2- 
difluoethene (right) using 6-31+G* basis sets. 
43 The solid contours indicate regions of high electron 
density, and clearly define the form of the 
C-C and C-F bonds. 
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The preference for the gauche conformation extends to erythro and threo 2,3- 
44 difluorobutane. The rotamer in which the two methyl groups are anti and the 
fluorines are gauche is lower in energy by about 0.8 kcal/mol. This effect can be 
illustrated by the Newman projections of 2,3-difluorobutane (Scheme 1.13). In the 
case of the erythro isomer the two enantiotopic rotamers e and f with the carbon- 
fluorine bonds gauche to each other are preferentially populated. This indicates that 
the energy in bringing the larger methyl groups together is compensated for by the 
stereoelectronic effect. 
F 
H3C 1-5y 
CH3 
F 
32 
r%LA 
% #1 1'% FH Fy, 1 ýn FHFH 
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F CH HF 
F Ft/jý H Fq)H 
-ýCH '1 ---r- - F-ýCH 3C H3C 
3HF3HcH 
CH3 CH3 CH3 
33 
de 
Scheme 1.13. Staggered conformations of erythro and threo 2,3-difluorobutanes 32 and 33 
respectively. Ab initio calculations suggest a preference for the rotamers with their C-F bonds gauche 
to each other. 
The preference for a gauche arrangement is not restricted to carbon-halogen bonds. 
Gauche effects are also apparent in organofluorine systems where the second C-F 
bond is replaced with another polarised bond. Since the electronegativity of oxygen is 
second only to fluorine, the theory applies to fluoroalcohols equally well. The 
influence of a gauche effect in 2-fluoroethanol 34 has been investigated, and a 
pronounced preference for the gauche conformation 34a over the anti structure 
34d 
has emerged ftom these calculations. This preference however was attributed almost 
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entirely to intramolecular 0-H ... F hydrogen bonding, as the gauche structures 34b and 
34c had a similar energy compared to their respective anti structures 34e and 34f 
(Scheme 1.14). In this system, the stabilisation for the gauche structure resulting from 
the gauche effect was estimated with 0.1 - 0.2 kcal/mol only. 45 
00 00 
44.0- : 
Hil Hil 
H 
34a 34b 34c 
0H H4,0 Z4 *#, -= 0 #* 
H 0-0 H 4, Ö-H F O_: 
FFHHH 
34d 34e 34f 
Scheme 1.14. Possible molecular conformations of monofluoroethanol 34. Ab initio calculations 
suggest a preference for the structure 34a by about 2.0 kcal/mol over the energetically next higher 
conformation 34d. 
When the hydroxyl group in 2-fluoroethanol becomes protonated (Scheme 1.15), the 
calculated energy differences between the individual conformers is much more 
pronounced. In all cases, the gauche structures were found to be significantly more 
stable than their anti counterparts. The energy difference between gauche and anti 
structures 35b and 35e on one hand, and 35c and 35f on the other hand, was largest at 
7.0 and 7.2 kcal/mol respectively. The gauche conformation 35a was lower in energy 
over the anti structure 35d by 4.4 kcal/mol. The gauche preference observed in the 
latter case appears to arise from a true stereoelectronic effect. 
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Scheme 1.15. Molecular conformations of protonated monofluoroethanol. Ab initio calculations 
suggest a preference for the gauche structure 35a over the anti conformations 35d by about 4.4 
kcal/mol 
The studies were extended to the 2-fluoroethylamine and 2-fluoroethylanunonium 
systems. In the latter case a strong preference for the gauche conformation 36a over 
the anti structure 36b emerged from the calculations, supported by the 
X-ray structure 
of the fluoroethylammonium salt (Scheme 1.16). 
H 
F N-H 
Hli, 
HH 
36a 36b 
46 
Scheme 1.16. The gauche and anti conformation of fluoroethylamonnium salt 
3. 
X-ray analysis of dibenzylammonium chloride 
37,4-(Fluoroethyl) morpholinium 
chloride 38, and the diphenylpyrrolidine 
derivative 39 revealed a strong preference of 
the F-C-C-F motif to adopt a gauche conformation. 
Double gauche relationships were 
observed in the crystal structure of 
di(2-fluoroethyl)amine 40 (Scheme 1.17). 
H 
H&, =+ 
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Scheme 1.17. The structures of dibenzylanimonium chloride 37,4-(fluoroethyl) morpholinium chloride 
38, diphenylpyrrolidine 39, and bis-(2-fluoroethyl)amine 40.47 
1.6 Stereoelectronic effects in (x-fluorocarbonyl compounds 
Stereoelectronic effects also exist when the C-F bond is adjacent to a carbonyl group 
such as in cc-fluoroesters '48 (x-fluoroketones '49 and (x-fluoroaldehydes. 
50 Stabilisation 
energies are relatively small and have been found in the range of 0.8 to 2.0 kcal/mol. 
The effect is strongest in (x-fluoroarnides, which align their C-F bonds anti periplanar 
to the carbonyl group and syn planar to the N-H bond (Scheme 1.18). 
--, 
CH3 
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F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HH 
41 
Scheme 1.18. Possible conformations of N-methyl 2-fluoropropionamide 41. The stereoelectronically 
preferred structure is the trans isomer 41b which has the C-F bond anti periplanar to the carbonyl 
bond 
and syn planar to the N-H bond. 
Ab initio calculations for (x-fluoropropionamide 41 indicate a deep energy well of up 
to 8.0 kcal/mol for the trans isomer 41b with an energy difference of about 
7.0 
],, -al/mol to the cis structure 41a. (Figure 
1.7). 
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Figure 1.7. Rotational profile around the C(O)-C(F) bond for N-methyl 2-fluoropropionan-ýide 41.51 
The major contribution to the stabilisation of the trans isomer (-3.1 kcal/mol ) arises 
from the interaction of the fluorine lone pairs and the a* orbital of the N-H bond. 52 
Other stabilising effects involve hyperconjugation between the (T C-F orbital into the 
(7* orbital of the anti periplanar carbonyl group, and dipole-dipole relaxation of 
carbonyl and the C-F bond in their trans conformation (Scheme 1.19). Formation of 
N-H ... F hydrogen bonding may also play a role in stabilising the anti periplanar 
structure. 
,a 
N 
CH3 
F. H 
hyperconjugation 
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CH3 
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Scheme 1.19. Hyperconjugation (a) and dipole-dipole relaxation (b) are assumed to be stabilising 
effects for the trans structure of N-methyl 2-fluoropropionan-tide 41. 
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Theoretical calculations are supported by X-ray analysis of (x-fluoroacetamides such 
as 42,53 and related structure . 
54 In the solid state, the (x-fluoroamide moieties adopts 
trans planar conformations in 2-fluoropropionamides 42 and 43 consistent with the 
predicted stereoelectronic effect for these compounds (Scheme 1.20). 
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Scheme 1.20. The X-ray structures of primary a-fluoroamides indicate a preference to align the C-F 
bond syn planar to the N-H bond. The F-C-C-N torsion angles are given in parentheses. 
Surprisingly, with secondary amines the effect seems to reverse. Crystal structures of 
secondary (x-fluoro amides 44-46 show that the C-F bond is now syn planar to the 
carbonyl, an observation consistent with theoretical calculations for NN- 
dimethylfluoroacetamide. 55 The presence of an additional substituent on the amide 
nitrogen induces a destabilising steric interaction which is not observed in primary 
amides. The N-P-fluoroamide moiety in compounds such as 45 and 46 adopts a 
conformation, in which the C-F bond is gauche to the vicinal C-N bond (Scheme 
1.20). This conformational preference has analogy with the "gauche effed' in vicinal 
difluoroalkanes. The gauche confonnation in N-p-fluoroamides may be stabilised due 
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to polarisation of the C-N bond adjacent to fluorine by the amide group. The (x- 
fluoroamide moiety is of considerable electron-withdrawing character and, according 
to the more general definition of the "generalised gauche effect", the most 
electronegative substituent relative to fluorine. This is supported by theoretical 
calculations and experimental data for N-acetyl-p-fluoroethylamine, which suggest a 
preference for the gauche over the anti conformation. 56 The energy difference was 
calculated to be approximately 1.8 kcal/mol, indicating a two to three-fold increase in 
stabilisation relative to I 2-difluoroethane. 
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Scheme 1.21. Several P-fluoroesters and their O-C-C-F torsion angles found in the X-ray structures. 
The gauche preference also exists in 0-2-fluoroesters (Scheme 1.21). The X-ray 
structures of a variety of compounds 47-51 reveals that the C-F bond is in all cases 
perfectly gauche relative to the C-0 bond. The gauche effect for 0-2-fluoroesters has 
been supported by theoretical calculations, 
57 but was estimated to be less significant in 
energy terms than in N-2-fluoroamides or vicinal difluoroalkanes. 
58 
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1.7 Hydrogen bonding, C-F ... H-X 
Hydrogen bonding is one of the most fundamental interactions in chemistry and 
biology, 59 and as such important in understanding the properties and reactivity of 
compounds. 60 Hydrogen bonding is particularly strong to oxygen and this interaction 
can contribute up to 10 kcal mol-1 in stabilisation energy. 6 1 The binding energies are 
usually in the range of 1-10 kcal mol-1 depending on the polarity and polarisability of 
the donors and acceptors involved. A structural criterion for hydrogen bonding is the 
distance between the proton and the acceptor atom, which is most commonly obtained 
from X-ray analysis of the compounds or their derivatives. The existence of hydrogen 
62 63 bonding can also be established by means of NMR , and IR spectroscopy. 
H-F 
hydrogen H 
H 
bonds \ 
ow 
Figure 1.8. Schematic structure of polyhydrogen fluoride. The dashed lines indicate F-H ... F hydrogen 
bonding between the protons and the free electron pairs of fluorine. 
Inorganic fluoride ion can act as a very strong proton acceptor which is reflected in 
the extraordinary strong hydrogen bonds of hydrofluoric acid (HF)., (Figure 1.8). 
Another striking example is the bifluoride ion (HF2-) with a bond energy of 40 
kcal/mol, making it by far the strongest known hydrogen bon . 
64 
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The bond energy for covalently bound, so-called organic fluorine is very weak 
compared to those of the fluoride ion. Interactions of the type C-F ... H-X usually 
approach values that are typical for van der Waals interactions. Contacts in the range 
of less than 2.5-2.6 A are considered as hydrogen bonding as the distance is close to 
the sum of the van der Waals radii of hydrogen and fluorine. Theoretical calculations 
estimate the strength of a typical C-F ... H bond to be in the range of 2-3.2 kcal M01,65 
which is approximately half than that of X-H ... 0 bonding. It is however commonly 
accepted that fluorine is a stronger acceptor than the other halogens. 66,67 
The weak hydrogen bonding capability of fluorine may appear paradoxical in view of 
the large electronegativity difference of fluorine compared to carbon and historically, 
has been the subject of some controversy. 68 The effect of C-F---H hydrogen bonding 
can have profound effects on the reactivity of organic compounds. Replacement of 
allylic and benzylic fluoride by a hydroxyl group is accelerated under strongly acidic 
conditions with respect to the respective chloro compounds. 69 
Table 1.14. Statistic data obtained from a search of the CSD for short F ... H contacts < 2.35 
A for sp' 
bound carbon. 
70 
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The relevance of electronegativity generally is obvious for a proton donor group. The 
greater the electronegativity of the proton donor, the greater is the effective positive 
charge on the hydrogen atom, and hence the more easily the latter participates in 
hydrogen bonding. 
Table 1.15. Statistic data obtained from a search of the CSD for short F ... H contacts < 2.35 A for sp' 
bound carbon. 71 
C(spZ)-F Compounds C-F Bonds Intramolect 
contacts 
O-H 89 3 
N-H 113 IF 214 IF 9 
C-H 360 929 ]F 53 
Total 11 371 65 
contacts 
3 
8 
39 
50 
The influence on hydrogen bonding acceptor ability however is less clear. Fluorine 
can be considered to be an extremely weak base and therefore a poor hydrogen bond 
acceptor. The poor polarisability of the fluorine atom means that it fonns hydrogen 
bonds which are unfavourable soft donor-hard acceptor interactions. Fluorine's ability 
to act as an hydrogen bond acceptor has been explored by analysis of the Cambridge 
Structural Database, looking for C-F ... H contacts shorter than 2.3 A. The data 
illustrate that C-F ... H bonding is relatively rare which is an indication for the weak 
acceptor ability of organic bound fluorine (Tables 1.14 and 1.15). 
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Scheme 1.22. C-F-. -H interaction energies for fluoromethane 52 and fluoroetfiene 53 in H20- 
The statistical data were supported by theoretical calculations on fluoromethane 52 
and fluoroethene 53. The data also indicated a stronger interaction of aliphatic over 
vinylic fluorine (Scheme 1.22). The energy difference of this interaction was 
rationalised by hyperconjugation of the fluorine lone pairs with the Tc-orbitals in the 
vinylic system, which makes the fluorine less able to participate in hydrogen bonding. 
The calculations indicate that C-F ... H-C interactions are less stable than C-F ... H-0 
interactions. With an energy minimum of 0.2 kcal/mol the interaction of fluorine to 
carbon bound hydrogen lies in the region of van der Waals complexes. 
54 
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Scheme 1.23. C-F. -. H-0 interactions in calcium bis(2-fluorobenzoate) dihydrate 54,2-fluoro-1,1,2- 
tnphenylethanol 55, and ammonium monofluoroacetate 56. 
A later study on fluorine hydrogen bonding also based on the Cambridge Structural 
Database confirmed these results . 
72 C-F ... H-X interactions with distances less than 
0 2.3 A were found only in 37 out of 5947 C-F bonds. Only a few structures, e. g. 
44 and 
O-H 
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45, were classified as molecules exhibiting true hydrogen bonds to fluorine (Scheme 
1.23). These experimental results led to the conclusion that "covalently bonded F 
hardly ever acts as a H-bond acceptor and then only in exceptional molecular and 
crystal environments". This includes the requirement that fluorine forms hydrogen 
bonds only in the absence of a better acceptor group. For instance, in 
monofluoroacetate 46 the hydrogen bonded proton was dragged towards the 
carboxylic acid group rather than to the fluorine. Even though the molecule contains 
four hydrogen donors per anion, there was no clear proof of a C-F ... H bonding. 
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Scheme 1.24. Short C-F ... H contacts have been observed in the crystal structures of various 
fluorobenzenes 57-63 deposited in the Cambridge Structural Database (CSD). 
Another CSD study reported on C-F ... H interactions in a series of fluorobenzenes 
(Scheme 1.24). Shorter H. -T distances were observed with increasing 
fluorine 
content, as may be expected from a greater degree of C-H bond aCtiVation. 
73 In the 
study, the H ... F distances were plotted against the C-H ... 
F angles for all interactions 
between C(SP2)_H andC(SP2)-F (Figure 1.9). 
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Figure 1.9. Distance of C-F ... H interactions plotted against angle of the hydrogen bonds for the 
fluorobenzenes 57 (o), 58 (0), 59 (+), 60 (A), 61 (o), 62 (m), 63 (o). 
In case of the fluorobenzenes studied a negative coffelation between distance and 
angle of the hydrogen bridges was observed, characteristic of hydrogen bonding. The 
data suggested that the fluorine hydrogen contacts in these fluorobenzenes were for a 
chemical reason rather than merely a result of the overall (isotropic) crystal packing. 
From these experimental results it can be concluded that organic fluorine can act as a 
hydrogen bond acceptor in certain cases especially when the fluorine is attached to an 
SP2 carbon centre. 
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2 Results and Discussion 
The aim of the PhD project was to obtain vicinal difluoro compounds by chemical 
synthesis and investigate the influence of stereoelectronic effects on their molecular 
conformation. In particular, the synthesis of 2,3-difluorosuccinic acids 64 and 65 was 
envisaged. The molecule containes the vicinal difluoro motif and offers access to 
several derivatives such as esters and amides. 
F 
H02 C-ýy 
C02H 
F 
F 
H02CA--ý= 
C02H 
F 
64 65 
The amides derived from 2,3-difluorsuccinic acids incorporate two adjacent (x- 
fluoroamide moieties which were expected to exhibit pronounced stereoelectronic 
effects. Due to the preference of the C-F bond to align anti periplanar to the carbonyl 
group and the gauche effect, the main chain conformations of the erythro and the 
threo stereoisomers 66 and 67 were anticipated to be very different and predictable in 
each case. 
IH FU 0 
0H 
L4JR 
66 67 
New synthetic routes towards vicinal difluoro compounds had to be explored in order 
to access the stereoisomers 66 and 67 in a diastereo selective manner. X-ray analysis 
and NMR techniques were then used in order to establish conformational preferences 
as a result of stereoelectronic effects induced by the C-F bonds. 
Chapter 2 Results and Discussion 
2.1 Synthesis of stereoisomers of 2,3-difluorosu, ccinic acid 
The introduction of fluorine into organic molecules is an important and challenging 
subject, which has led to fluorine chemistry as an independent area of research. 
Synthetic methods towards fluorine-containing compounds may be broadly classified 
into selective fluorination or the so-called building block approach. The building 
block approach involves the incorporation of a structural element already containing 
fluorine. The strategy usually allows for standard experimental procedures which 
commonly applied in synthetic chemistry. ' The synthesis of fluorinated analogues of 
the antimalaria drug arternisenine represents an example for the building block 
approach (Scheme 2.1). 
ýH3 
H 
OAc 
68 
cat SnC14, DCM, 
-78 OC, 66% H3C IN- 
OSiMe3 
H3 F, Ph 
F 
69 
ýH3 
Fh 
H3 
70 
Scheme 2.1. Synthesis of a fluorinated analog of arteniisinine. The silyl enol ether 69 is introduced as a 
fluorinated building block into the natural product 68 to form the fluorinated antimalaria drug 70. 
Selective fluorination aims at functional group interconversion with the aim to 
introduce a C-F bond. This typically involves treatment of the starting material with a 
suitable fluorinating reagent. The method has historically involved elemental fluorine, 
hydrogen fluoride, or derivatives thereof .2 These reagents are of extraordinary 
reactivity and toxicity and typically require special equipment when used 
in the 
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laboratory. A variety of alternative reagents have been developed in recent years that 
have moderate reactivity and can be employed more safely and under milder 
conditions on a laboratory scale, making fluorination a more straightforward and less 
hazardous process .3 'The use of such fluorinating reagents is described in this thesis, 
and the variety of fluorination strategies developed for the synthesis of vicinal 
difluoro compounds has clearly broadened their scope of application and may be of 
interest for the synthetic organic chemist in general. 
2.1.1 Current synthetic routes to vicinal difluoro compounds 
Of the 298,876 registered fluorinated compounds in the Beilstein Chemical Database, 
51,447 structures have two adjacent carbon-fluorine bonds. However, there are only 
279 compounds that contain a genuine vicinal difluoro motif -CHF-CHF- with the 
majority of them being perfluorinated substances. The rare presence of this class of 
compounds may certainly be attributed to the difficulty of their selective synthesis. 
Synthetic methods for the preparation of vicinal difluoro compounds most frequently 
start from an alkene and elemental fluorine, 4 XeF2,5 or electrochemical methods 
6 (Scheme 2.2) . 
F 
XeF2, HF 
R 
Ph 
R 
Ph"' 
FR= Me, tBu 
71 72 
0 
F2/N2 
73 74 F 
Scheme 2.2. Synthetic methods that have been used previously for the synthesis of vicinal difluoro 
compounds. 
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Such reactions however are either difficult to carry out with standard laboratory 
equipment and are hazardous, or lack general applicability. Alternative methods that 
involve the ring opening with "tamed" hydrogen fluoride have been developed 
recently that are less hazardous and result in a high degree of diastereo selectivity. For 
example, the stereoselective ring opening of epoxides with pyridinium polyhydrogen 
fluoride (PPHF) facilitated the synthesis of threo and erythro 9,10-difluorostearic 
acids 78 and 82. Each diasteroisomer was prepared as the diastereomerically pure 
material starting from their respective E or Z methyl oleates 75 and 79 (Scheme 2.3). 
OH F 
mCPBA PPHF DAST R R2 R 2-------1 
84% 
R2 
R 25%*' 
R2-` 
R, 66% 
0F 
75 
76 77 78 
OH F 
T R2 mCPBA 0 PPHF R2 DAST IN- R2 IN- 10 
\ý , l'Aý 
R, 34% R, 96% R\'R, 85% R, 2F 
79 80 81 82 
R, = (CH2)7CO2Me, R2 = (CH2)7CH3 
Scheme 2.3. Diastereoselective synthesis of erythro and threo 9,1 O-difluorostearic acids. Ring opening 
of the epoxides 76 and 80 with PPHF generated the respective fluorohydrins 71 and 75 as a 1: 1 mixture 
of regioisomers (only one regioisomer shown). The products 72 and 76 are obtained as their racernic 
mixtures after treatment with DAST. 
Due to the problems in handling pure hydrogen fluoride, the reactions were carried 
out with pyridinium polyhydrogen fluoride complex (PPHF). The reagent 
is 
considerably less hazardous than free hydrogen fluoride due to complexation with the 
pyridinium base and can be safely employed in the laboratory. 
7 Ring opening of the 
epoxides 76 and 80 with PPHF generated the respective 
fluorohydrins as a 1: 1 
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mixture of regioisomers. The mixture was directly converted with DAST into the 
ý1- 
threo and erythro difluoro compounds 72 and 76 respectively. The deoxyfluorination 
gave considerable amounts of byproducts that arise from elimination, which however 
could be removed conveniently by ozonolysis and work-up! 
9H F 
SF4,105 OC, 10 h 
J,, 
ýC02D 
Et02C --ýC%Et 38% 
Et02C 
OH F 
84 85 
OH 4eq SF4,8eq F 
HF, 90 OC, 5h CO2Me C02Me , 
jý 
10 MeO2C MeO2C 
97% 
ÖH F 
86 87 
OH F 
SF4,105 OC, 5h C02Me 
MeO2C 
02M8 
23% 
»- Me02 C 
F OH 
88 89 
Scheme 2.4. Synthesis of vicinal difluorosuccinates, which requires the application of hazardous 
reagents SF4and BE 
Interestingly, stereoisomers of 2,3-difluorosuccinic acid were found amongst the 
vicinal difluoro compounds listed in the Beilstein Database. Both stereoisomers were 
obtained either ftom L-(+)-tartrate 84 and 86 or meso-tartrate 88 (Scheme 2.4). The 
synthesis of these compounds however involves the action of sulfur tetrafluoride, 
9e 
application of which is restricted for laboratory use due to its low boiling point, high 
corrosiveness and toxicity. The lethal concentration of SF4 iS very low and in the 
range of that for phosgene, and neat HF had to be added to the mixture which renders 
the process even more hazardous. 
10 
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Alternative preparative methods have involved catalytic hydrogenation of 2,3- 
difluoromaleic acid 90. The reaction yields meso 2,3-difluorosuccinic 65 acid but only 
in poor yield. " Significant by-product formation results from the hydrogenolysis of 
the olefinic carbon-fluorine bond, a reaction that predominates when difluorofumaric 
acid 91 is applied to the same reaction conditions (Scheme 2.5). 
F 
H02 C--ý'y 
C02H 
90 
F 
H02C --Iy 
C02H 
F 
91 
F 
Pd/C, H2 
H02C 
J-, 
ýC02H 
12% 
65 
Pd/C, H2 
H 
H02C -I"Y 
C02H 
F 
92 
H02C"ýý 
C02H 
93 
Scheme 2.5. Alternative synthetic route to vicinal difluoro compounds via catalytic hydrogenation. 
Different reaction conditions were applied resulting either in low yields or product 
mixtures that arose from elimination or perfluorination processess. 
12 The low yielding 
reactions in the latter cases and the highly hazardous reagents used 
for the previous 
methods made an alternative synthetic approach necessary to access the 
2,3- 
difluorosuccinic acids. 
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2.1.2 Synthesis of 1,2-difluoro- 1,2-diphenylethanes 
Results and Discussion 
Vicinal difluoro, compounds have also been prepared by halofluorination of alkenes 
followed by addition of silver fluoride (Scheme 2.6). Initially, (x-halo-p-fluoro 
compounds are generated which undergo halogen exchange reaction in the presence 
of the silver salt. The reaction is applicable to a variety of alkenes that have 
unactivated, isolated double bonds. ' 3 
CH3 NBS, PPHF CH3 
H3C --- 
CH3 then AgF H3C 
F 
CH3 
60% F 
CH3 
94 95 
CH3 
NIS, PPHF F 
then AgF 
75% 
96 97 F 
NBS, PPHF F 
Ph 
then AgF 
Ph 
Ph Ph"Jý'ý 
F 
98 99 
Scheme 2.6. Halofluorination of electronrich alkenes followed by halogen exchange reaction results in 
formation of vicinal difluoro compounds. 
For instance, 1,2-difluoro-1,2-biphenylethane 99 can be obtained in excellent yield 
from trans stilbene 98 according to this method. As this compound contains two 
terminal phenyl groups that may be transformed to carboxylic groups by oxidative 
cleavage, the compound emerged as a useful precursor for the synthesis of 2,3- 
difluorosuccinic acid. 
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According to the literature procedure, 14 stilbene 98 was readily converted into its 
bromofluoro, adduct 100 by treatment with NBS and PPHF. The reaction was carried 
out with an excess of hydrogen fluoride as a 1: 1 mixture in diethyl ether at room 
temperature. 
NBS, Et20, 
PPHF, RT 
73% 
98 100 
Scheme 2.7. Brornofluorination of stilbene according to Olah's procedure using NBS and PPHF. 
GC-MS analysis indicated that the reaction had gone to completion within 2-3 hours. 
The reaction was clean indicated by a single peak with the correct mass for the 
expected bromofluoro compound 100.19F-NMR confmned that the reaction 
proceeded in a highly diastereoselective manner, consistent with previous 
observations (Figure 2.1). 
15 
-11 67 -1.68 -169 -170 -171 
-172 -173 PPM 
Figure 2.1. '9F NMR sPectrum of I -bromo-2-fluoro- 1,2-diphenylethane 
100. '9F-NMR analysis of the 
product shows a doublet of doublets corresponding to a geminal and a vicinal 
HF coupling. 
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The relative stereochemistry of the fluorobromo compound 100 had not been 
elucidated previously, and NMR spectroscopic data of the pure erythro and threo 
diastereoisomers were not available. However, it had been reported previously that the 
halofluori nation generally proceeds stereo specifically according to an anti addition 
mechanism. 16 In order to prove the stereochemistry of the product, compound 100 
was crystallised in an effort to obtain X-ray crystallographic data. Although clear, 
colourless crystals of the compound were obtained (Figure 2.2), the X-ray structure 
could not be resolved and the relative stereochemistry had to be elucidated otherwise. 
Figure 2.2.1 -Bromo-2-fluoro- 1,2-diphenylethane 100 as obtained after recrystallisation 
from hexane. 
1,2-Diphenylethane is often used as a tool to evaluate the stereochernical outcome of 
fluorination reactions. 17 The anti stereochemistry of 100 was established from the 
coupling constants of the products obtained after dehydrobromination. A preparative 
method for the elimination of hydrogen bromide from such 
ý-fluorohalides had been 
developed previously, as the resulting vinyl fluorides are useful synthetic building 
blocks in organic chen-fistry. 
18 
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According to a literature procedure, 19 treatment with potassium tert-butoxide in a 
refluxing solution of hexane or pentane leads to stereospecific anti-elimination of 
hydrogen bromide (Scheme 2.8). 20 
F 
Ph-"ýr 
Ph 
H 
101 
JHF= 30.5 Hz 
-. 4- -*-- 
F Ph 
HH 
P Br 
1 00C 
100 
Ph 
Fy-t-ýH 
HýýBr 
Ph 
1 00a 
KOtBu, C5H12, 
reflux, 6h 
quantitative 
Brý 
,H Phl Ph 
100b 
/ 
F 
Ph)ýý 
H 
Ph 
102 
JHF= 21.8 Hz 
Scheme 2.8. Treatment of the bromo compound 100 with base leads to HBr elimination, a reaction 
which proceeds stereo specifically to afford the E-fluorostilbene 102 according to an anti elimination 
mechanism. 
The two vinyl fluorides 101 and 102 can be readily distinguished by their 3 JHF 
coupling constants. The 3JHF coupling constant of 21.1 Hz obtained from the 19F- 
NMR spectrum of the crude product is indicative for the formation of the E-alkene 
102 (Figure 2.3). From the resultant geometry of the fluorostilbene 102 it is 
immediately obvious that the precursor 100 must have the erythro configuration with 
the bromine and the fluorine anti to each other in the extended chain conformation. 
Vinyl fluorides are interesting molecules in their own right and may be useful 
fluorinated building blocks in organic synthesis. For instance, vinyl fluorides have 
found application in cycloaddition reactions, 
21 
and Claisen-reaff angements. 
22 
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N OD OD 00 
Lr) ID 
Iz kD . I -0 I; v 
-96 -98 -100 -102 -104 -106 -108 -110 -112 -114 1 16 ppm 
Co 
l 
r- 
. 
rý omý 
Figure 2.3. '9F NMR spectrum of the crude product obtained after HBr elimination from 100. The 
diastereomeric ratio of the E-alkene 102 at -96 ppm and Z-alkene 101 at -115 ppm indicates a 
stereoselective reaction. 
Substitution of bromine with fluorine was then accomplished by use of silver(l)- 
fluoride. The silver metal drives the substitution of the bromide ion forward by 
formation of a stable silver bromide complex. The reagent clearly requires a polar 
aprotic solvent in order to ensure solubility of the silver salt, and most commonly, 
acetonitrile is applied as the solvent. The reaction has to be carried out in the dark, as 
the silver salt is light sensitive. Under these conditions, the fluorination proceeds 
smoothly and yields the difluorinated product 99 (Scheme 2.9). The product is formed 
as a 5: 1 mixture of stereoisomers indicating some degree of stereochemical crossover 
50 
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in the reaction. The reaction is sluggishly under these conditions and requires several 
days to go to completion. The use of a sonicator considerably accelerated the reaction 
affording complete conversion in 6-8 hours. 
AgF, MeCN 
94% 
100 99 
Scheme 2.9. Halogen exchange reaction with silver(l)-fluoride leading to formation of 1,2-difluoro- 
1,2-diphenylethane 99. 
-18 
, 
3.5 -18 
. 
4.0 -18 
. 4.5 -18 5.0 -185.5 -186.0 -186.5 -187.0 -187.5 
ppm 
Figure 2.4.19F NMR spectrum of crude 1,2-difluoro-1,2-diphenylethane 99 obtained after the one-pot 
procedure. The major isomer has the erythro configuration, which appears upfield 
(-187.1 ppm) 
relative to the threo isomer (- 183.5 ppm). 
23 
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The reaction is considerably faster when silver fluoride is added directly after the 
previous reaction step without isolating 100. The one-pot reaction however lead to 
significant loss of stereo selectivity as indicated by GC-MS and 19F NMR 
spectroscopy, where both stereoisomers were obtained in a 3: 1 ratio (Figure 2.4). It 
was assumed that the highly polar HF/pyridine complex stabilises a possible 
carbocation-like intermediate during nucleophilic substitution, such that the reaction 
proceeds with considerableSNI character. 
1. NBS/PPHF 
FF Et20,3h then 
2. AgF, 12 h 
83% + 
F 
98 103 104 
Scheme 2.10. Olah's one pot double fluorination procedure generates 1,2-difluoro-1,2-diphenylethanes 
as a mixture of erythro and threo diastereoisomers 103 and 104. The erythro compound 103 is obtained 
as the major isomer in the reaction. 
The one pot procedure yields erythro 1,2-difluoro-1,2-diphenylethane 103 as the 
major isomer (Scheme 2.10). The compound was isolated by crystallisation, which 
afforded the pure stereoisomer after several crystallisation steps. In contrast, isolation 
of the threo stereoisomer 104 proved to be a tedious process. Although enough 
material was obtained for crystallographic studies (Figure 2.8, page 61), the amount of 
pure threo 1,2-difluoro-1,2-biphenylethane 104 was insufficient for preparative 
purposes. Therefore, alternative methods were investigated to obtain 1,2-difluoro-1,2- 
biphenylethane 104. it was assumed that the stereogenic centre of the bromofluoro 
intermediate 103 can be inverted by means of a Finkelstein reaction, which involves 
the exchange of bromide or chloride with iodide in acetone as the solvent. 
24 
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Compound 103 was initially unreactive towards iodide even at elevated 
temperatures. 25 This observation is somewhat unexpected as benzyl halogenides, as 
well as allyl halogenides and (x-halocarboxylic acids are known to be readily 
amenable to this conversion . 
26 Clearly, the C-F bond adjacent to the reactive centre 
has a deactivating effect and renders the starting material unreactive. 
Br 
Ph 
F 
100 
Nal, Me2C0, 
ZnC12, ref lux 
105 
Nal, Me2CO, 
ZnC12, reflux 
OP 
Scheme 2.11. Attempted Finkelstein conversion of 1-bromo-2-fluoro-1,2-diphenylethane 100. 
98 
The reaction was repeated in the presence of zinc chloride (Scheme 2.11). The 
presence of the Lewis acid has been reported to accelerate the Finkelstein exchange 
by complexation of the carbon bound halogen. 27 According to the literature procedure, 
a complex product mixture was obtained in which the iodofluoro compound 105 was 
identified as a minor product by GGMS analysis. Surprisingly, trans-stilbene 98 was 
identified as the major component in this reaction. 
l. NBS, PPHF 
Et20,3h then 
2. AgF, 12 h 
83% 
+ 
Ph 
Ph 
yz 
105 103 104 
Scheme 2.12. Conversion of cis-stilbene 106 again leads to formation of the erythro 1,2-difluoro-1,2- 
diphenylethane 103 as the major isomer. 
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The possibility of obtaining threo 1,2-difluoro-1,2-biphenylethane 104 by using cis- 
stilbene 102 as the starting material was also investigated. The reaction proceeds 
smoothly under the standard conditions and gave the difluoro compounds after 
addition of silver fluoride. Surprisingly, the erythro compound 103 again emerges as 
the major stereoisomer in the reaction. The reaction is less stereoselective in 
comparison with the conversion of trans stilbene 98 (Table 2.1). 
Table 2.1. Diastereoisomeric ratios of 103 and 104 formed from cis and trans stilbene. 
FFFF 
Starting 
Ph)L""ýý 
Ph 
Ph"Iy 
Ph 
Ph 
Ph 
Ph)ýy 
Ph 
material Br Br F 
trans-stilbene 94% de 56% de 
cis-stilbene 76% de 47% de 
The formation of the erythro isomer 100 as the major product is clearly a result of 
internal rotation about the central carbon-carbon bond after initial formation of a 
bromonium ion 106. The driving force for this process is most likely a steric clash 
between the large phenyl substituents. The carbocationic centre of the intermediate 
107 may then be shielded from one side by the large bromine atom forcing fluoride 
ion attack from the opposite side to give the anti-addition product 100 (Scheme 2.13). 
Br+ 
I 
P h*ýý 
Ph 
106 
H 
Br 
Ph + 
Ph 
107 
[3 r+ 
Ph 
b. 
H Br Br 
P Ph Ph H PK Ph)ý 
FF 
100 
Scheme 2.13. Proposed niechanism of the brornofluorination reaction according to an anti addition 
mechanism. 
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The substitution process may also involve neighbouring group participation by the 
phenyl ring. The stereochemical outcome of the reaction suggests a double inversion 
mechanism, in which bromine is activated as a silver complex, and the carbocation 
108 thus formed is stabilised by the adjacent phenyl ring (Scheme 2.14). 
Ag+ 
H Br 
F 
H AgF BrH 
Ph" IN. 
H%" AgBr F Ph Ph 
100 
Ft FFF 
Ph 
W 
: lh P 
HF 
103 103 
%, 
H 
Ph%%% F 
Hc 
+ 
108 
Scheme 2.14. Proposed mechanism for the formation of erythro 1,2-difluoro-1,2-diphenylethane 103 
from 1-bromo-2-fluoro-1,2-diphenylethane. 
Various examples for neighbouring group participation or anchimeric assistance by 
phenyl groups have been reported in the literature . 
28For 
example, the existence of a 
phenonium ion was suggested in benzilic rearrangements, 29 and also to explain the 
rearranged products resulting from diazotisation of phenylalanine (Scheme 2.15). 
F 
NaNO2, OH+ , \H 
F 
C02H 
Ph""ý PPHF_ 
Ph C02H 
NH2 
I, 
0 
C02H 
109 110 ill 112 
Scheme 2.15. The rearrangement of L-phenylalanine 109 presumably proceeds via the phenonium ion 
111, which results in the formation of 
P-fluoro acid 112.30 
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An elegant experiment to prove the existence of the phenonium ion has been 
developed from tosylate esters of 3-phenylbutan-2-ol. Treatment of optically active 
threo-tosylate 113 with acetic acid led to complete loss of stereochernical integrity by 
formation of racemic threo acetates 115 and 116 (Scheme 2.15). 
Ph / \\ 
- Ph Ph 
H Me Me 
+H Me + Me H 
H Me Hvý 
H 
"'Me H 
Me Me H 
OTs OAc OAc 
113 114 115 116 
Ph Ph 
Ph 
H Me Mg -z- 
+H "*' Me +H Me 
HH Me H 
Me,, t, H Me 
p 
"WH 
OTs 
Me 
OAc OAc 
117 118 119 
Scheme 2.15. Solvolysis of the optically active threo-tosylate ester 113 leads to the forrnation of 
enantiomers 115 and 116. In contrast, the erythro tosylate 117 gives only a single enantiomer 
119.31 
In contrast, the optically active erythro tosylate 117 afforded the optically active 
erythro-acetate 119 in a similar reaction. The stereoselectivities can 
be understood by 
formation of intermediate phenonium ion 114 and 118, which are subsequently 
attacked by the solvent from either side of the structure. 
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Investigation of the physical properties of 1,2-difluoro-1,2-diphenylethanes required 
separation of the diasteroisomers. The erythro compound 103 was readily purified 
from the mixture of diastereoisomers after several crystallisation steps. The crystals 
appeared as white needles after crystallisation in cold methanol or hexane (Figure 
2.5). 
Figure 2.5. Crystals of etythro 1,2-difluoro-1,2-diphenylethane 103 (left) and its threo isomer 104 
(right) obtained after recrystallisation from hexane. 
Isolation of the threo isomer 104 however proved to be more challenging. Separation 
of a 1: 1 mixture of diasteroisomers obtained on silica led to quick elution of the 
compounds. Interestingly, under GC-MS conditions using a polar column the 
diastereoisomers separated readily with the threo isomer 104 eluting before the 
erythro isomer 103. This may indicate a lower boiling point of the threo isomer 104 
compared to 103, rather than a difference in polarity of the two compounds. 
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In the crystal structure, erythro 1,2-difl uoro- 1,2-diphenyl ethane 103 adopts a 
conformation in which the large phenyl substituents are anti to each other, with a 
C(2)-C(l)-C(IA)-C(2A) torsion angle of 180 0. The C-F bonds align anti with respect 
to each other, with a F(l)-C(l)-C(IA)-F(IA) torsion angle close to 180 ' (Figure 2.6). 
Figure 2.6. Crystal structure of erythro 1,2-difluoro-1,2-diphenylethane 103. Selected bond lengths 
(A), bond angles ('), and torsion angles ('): C2A-CIA 1.538(11), CIA-FIA 1.343(7), CIA-Cl 
1.314(15), CI-Fl 1.343(7), CI-C2 1.538(11); C2A-CIA-FIA 112.4(6), FIA-CIA-Cl 118.4(10), FIA- 
CIA-HIAA 100.7, C2A-CIA-Cl 119.2(9), CIA-CI-C2 119.2(9), FI-CI-C2 112.4(6); C2A-CIA-Cl- 
C2, FIA-CIA-Cl-C2, FIA-CIA-Cl-Fl, FI-Cl-CIA-C2A. 
The gauche effect predicts a conformation in which two vicinal C-F bonds align 
gauche rather than anti to each other. This is clearly not the case for this molecule. 
Although a stereoelectronic preference to align the C-F bond gauche may exist, this 
conformation has to compete with the sterically less strained structure in which the 
large phenyl substituents oppose each other. The current conformation is not only the 
most favourable in terms of steric effects, but also avoids electrostatic repulsion of the 
electronegative fluorine nuclei. Also dipole-diplole compensation may play an 
important contribution in stabilising the current structure. 
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Intermolecular forces may be crucial in influencing the molecular conformation. This 
includes in the first instance hydrogen bonding which is however considered to be 
weak in case of C-H ... F interactions. In general, stabilisation by hydrogen bonding is 
essentially limited to distances of approximately 2.7 AO (Chapter 1.7), and thus, the C- 
H---F contacts obtained are too long to indicate significant stabilisation from hydrogen 
bonding. Both C-H ... F distance and bond angles suggest that this interaction is weak 
and that the short C-H ... F contacts merely appear as a result of the geometry of the 
molecular conformation in the unit cell. 
Figure 2.7. Crystal packing and unit cell of erythro 1,2-difluoro- 1,2-diphenylethane 103 as viewed 
along the c-axis. The dashed lines indicate short C-H ... F contacts. 
More important for the current structure may be intermolecular forces that arise from 
interaction of the phenyl rings, so-called ir-stacking interactions. The molecules align 
along the c axis in such a way that the phenyl groups are parallel and in close 
proximity to each other, which may indicate face to face Ti-stacking (Figure 
2.7). Such 
effects have been reported previously to stabilise such structures in the solid state. 
32 
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Samples of pure threo isomer 104 were obtained from diastereomerically-enriched 
mixture of 103 and 104 obtained from thin-layer chromatography (TLC). The samples 
could be crystallised to purity, which afforded crystals suitable for X-ray analysis 
(Figure 2.8). 
Figure 2.8. X-ray structure of threo 1,2-difluoro-1,2-biphenylethane 104. Selected bond length (A), 
bond angles (') and torsion angles ('): C9-CI 1.5066(16), CITI 1.4124(12), CI-C2 1.5190(16), C2-F2 
1.4143(13), C2-C3 1.5064(16); C9-Cl-Fl 109.29(9), FI-CI-C2 106.33(9), FI-CI-HIA 109.4, Cl-C2- 
F2 106.40(9), F2-C2-C3 109.64(9), Cl-C2-C3 113.29(9); C9-CI-C2-C3 -59.31(13), FI-Cl-C2-C3 - 
179.24(9), Fl -C I -C2-F2 60.23(l 1), F2-C2-C I -C9 -179.84(9). 
The most obvious feature in the X-ray derived structure of the threo isomer 104 is the 
gauche relationship of the C-F bonds. This conformation is rather unexpected, as the 
large phenyl groups come close in proximity to each other, as do the fluorine atoms. 
This conformation certainly results in some degree of steric and electrostatic 
repulsion, which has to be compensated for by electronic effects. The argument of aG 
- (T* hyperconjugation of C-H and C-F bond is certainly not valid for the stabilization 
of this particular gauche structure, as the C-F bonds are rather perpendicular to the C- 
H bonds. A possible rationale may derive from the bend bond theory, 
33 which predicts 
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better cy C-C orbital overlap in the gauche conformation compared to the anti in 
vicinal difluoro compounds. The crystal packing was analysed in order to assess the 
influence of intermolecular forces on molecular conformation (Figure 2.9). 
Figure 2.9. Crystal packing of threo 1,2-difluoro-1,2-diphenylethane 104 as viewed along the c-axis. 
The dashed lines denote short C-H ... F contacts. 
The crystal packing is dominated by face to face Tu-stacking of the phenyl rings. Again 
the distance of the C-H ... F contact does not suggest a significant contribution to 
stabilising this confon-nation. Stabilisation of the conformations by hyperconjugation 
would be most effective when the C-F bonds are anti to the C-H bonds, which is not 
observed in both structures. Thus, the conformations of both diastereoisomers do not 
appear to be influenced significantly by stereoelectronic effects. 
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Melting points of analytically pure samples of the diasteroisomers were compared in 
order to establish differences between the two diastereo isomers in terms of their 
physical properties (Table 2.2). 
Table 2.2. Melting points and crystallographic data of erythro and threo 1,2-difluoro-1,2- 
diphenylethane 103 and 104. 
Compound Melting point 
94-95 'C 
104 
Crystal system Space group 
1 
102-103 'C 
103 
Similar space group and crystal systems for the diastereoisomers may indicate 
comparable lattice energy. The observed melting point difference may in principle 
arise from conformational mobility of the individual molecules in the crystal packing, 
which in turn may be related to steric, electrostatic or stereoelectronic effects. A more 
likely explanation however arises in this case from the fact that the racemic mixture of 
the threo isomer 104 is compared to the meso compound 103, which represents a 
single stereoisomer. The melting point difference of the diastereoisomers may 
therefore be entirely a result of their stereochemical integrity. 
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2.1.3 Synthesis of 2,3-difluorosuccinic acids 
The synthesis of 2,3-difluorosuccinic acids 120 was achieved from 1,2- 
difluorobiphenylethanes (Scheme 2.16). This transformation involves oxidation of the 
aryl rings into carboxylic acids, which requires strong oxidising conditions often 
resulting in low yields and by-product formation. Some literature is available on this 
process, however it had to be established if the carbon-fluorine bonds would be 
amenable to such conditions. 
99 
F0 
HOy 
OH 
F 
120 
F0 
03/H202 
_ 
HOy 
OH 
0F 
99 120 
Scheme 2.16. Oxidation of 1,2-difluoro-1,2-diphenyledianes 99 to generate the stereoisorners of 2,3- 
difluorosuccinic acid 120. 
Oxidative degradation of aromatic rings can be achieved with ruthenium tetraoxide, 
generated in situ from RuC13 and Na104 (Scheme 2.16). 
34 The reagent is most 
commonly used for the oxidation of terminal hydroxyl groups to carboxylic acids, a 
process that tolerates the presence of a carbon-fluorine bond. 
35 A clean and rather 
gentle method involves ozonolysis followed by oxidative work up with 
hydrogen 
peroxide (Scheme 2.16). 
RuCI3/NaIO4 
IN. 
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The most obvious synthetic approach in generating the target compounds 120 
involved halofluorination of the double bond in fumarate and maleate 121. The 
reaction has been reported using a combination of N-bromoacetamide and anhydrous 
hydrogen fluoride. 36 Conversion of diethyl maleate and fumarate 121 has been 
reported to result in the formation of the bromofluoro adducts 122, which may 
undergo a halogen exchange reaction to afford the vicinal difluorosuccinates 120. The 
conversion of (x-bromoesters has been achieved with silver fluoride in refluxing 
acetonitfile (Scheme 2.17). 37 
0 
RO 
OR 
0 
121 
Br 
OMe 
0 
123 
Br 0 
NBA/HF 
ROý 
OR 55-58% 
0F 
122 
AgF/CH3CN 
84% 
R= CH3(CH2)15 
F 
OMe 
0 
124 
Scheme 2.17. Alternative routes to 2,3-difluorosuccinic acid 120 involving a bromofluorination step 
with N-bromoacetamide (NBA) and hydrogen fluoride and subsequent halogen exchange. 
The reaction did not proceed when hydrogen fluoride was substituted for the safer 
alternative PPHF. Employing NBS and PPHF at room temperature for the conversion 
of diethyl maleate or diethyl fumarate, the desired products were not formed. Also, 
the conversion of the free carboxylic acids was not achieved under these conditions 
and application of N-iodosuccinimide or N-bromoacetamide did also not facilitate the 
reaction. Apparently, the process crucially depends on the presence of free hydrogen 
fluoride and consequently, alternative methods had to be considered. 
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The phenyl group may be considered to be a latent carboxylic acid functionality, 
which can be demasked by oxidation of the aromatic ring. The conversion of 1,2- 
difluoro-1,2-biphenylethanes 99 would thus fumish the desired 2,3-difluorosuccinates 
120 (Scheme 2.18). 
F 
RuCl31INaIO4 
CC14, CH3CN, 
H20, RT, 3d 
20% 
F0 
OY 
OH 
OH F 
99 120 
Scheme 2.18. Synthesis of 2,3-difluorosuccinic acid 120 by oxidative degradation of the aromatic rings 
of 1,2-difluoro-1,2-diphenylethane 99. 
The reaction requires strong oxidants as aromatic rings are chemically stable. The 
reaction can however be achieved using ruthenium tetroxide, which is commonly 
generated in situ from ruthenium-(III) -chloride and sodium periodate as the co- 
oxidant. This allows for catalytic amounts of the highly toxic ruthenium species to be 
38 
used, although large amounts of inorganic waste are formed in this process. The 
reaction afforded the desired product 120, but only partial conversion of the starting 
material was observed. The crude reaction was investigated by 
19F NMR spectroscopy 
and showed various fluorine signals in the spectrum, which indicated by-product 
formation. Besides the lack of chemoselectivity, the reaction yields significant 
amounts of waste solid resulting from the 30 to 40 equivalents of sodium periodate 
that are necessary for the reaction. Filtration of the solid and recrystallisation in 
acetone indicated that the products are difficult to separate from the waste and thus 
the reaction did not seem to be especially useful for this particular reaction. 
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An alternative method for the conversion of aromatic rings into carboxylate groups 
involves the use of ozone (Scheme 2.16). Aromatic compounds are much less reactive 
towards ozone than alkenes or alkynes. The reactivity is furthermore dependent on the 
substituents attached to the aromatic ring. In general, electron deficient substituents 
decrease the rate of ozonolysis whilst the reaction becomes more feasible with 
electron donating substituents attached to the aromatic system. The order of 
increasing ease of ozonolysis in the benzene series follows the qualitative 
relationship: benzotrichloride < benzyl chloride < ethyl benzoate < benzene 
xylenes < mesitylene < hexw-nethylbenzene. 39 As ozone is an aggressive, toxic, and 
explosive gas it is usually generated and applied as a dilute solution (approximately 3 
vol%) in oxygen. Exposure to ozone can however be prevented, when the exhaust is 
vented through a solution of potassium iodide, thereby reducing ozone to oxygen 
before being released into the fume hood. 
1.03/AcOH, RT F0F0 1 
2. H202 (30wt%) 
OH + 'lý OH 
0F 
F OH F 
99 120(30%) 125 
Scheme 2.18. Synthesis of erythro 2,3-difluorosuccinic acid 120 by oxidative degradation of the 
aromatic rings of 1,2-difluoro- 1,2-diphenylethane 99. 
Ozonolysis of aromatic compounds had been used previously to achieve the 
conversion of biphenyl alkanes into dicarboxylic acids . 
40 The literature procedure was 
carried out at room temperature using acetic acid as the solvent. 
41 According to the 
literature procedure 1,2-difluoro-1,2-diphenylethane 99 was treated with ozone on a 
small scale (Scheme 2.18). 
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Figure 2.10. '9F NMR spectrum of the crude reaction product after ozonolysis. The spectrum shows 
the AA'XX' pattem of the erythro and threo isomers of 120 at -202 ppm and -207 ppm respectively. 
The product obtained from the reaction was investigated by means of 
19F NMR 
spectroscopy. The appearance of a new AA'XX' multiplet at -202 ppm indicated the 
formation of the desired product (Figure 2.10). Several other peaks were observed, 
including the monocarboxylic acid 125 resulting from partial oxidative degradation. 
Despite the occurrence of this by-product the reaction was relatively clean. Reaction 
of a 4: 1 mixture of erythro and threo 1,2-difluoro-1,2-difluorobiphenylethane 103 and 
104 led to formation of erythro and threo 2,3-difluorosuccinic acids. These 
compounds showed different chemical shifts at -202 ppm and -207 ppm respectively, 
which enables straightforward identification of the products. 
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Esterification of these products with methanol gave their respective dimethyl esters 
126-128. GC-MS analysis on a chiral column gave a splitting of the minor product 
indicating a racemic mixture. This was a clear indication that the minor stereoisomer 
possesses the threo configuration as only this compound comprises of two 
enantiomeric structures (Scheme 2.19). 
F 
Meo2CJ,,,,, 
C02Me 
F 
MeO2 C--, Y 
C02Me 
F 
127 128 
Scheme 2.19. The threo compound is a racemic mixture of 127 and 128, whereas the erythro isomer 87 
contains a mirror plane and therefore has a meso configuration. 
The results were later confmned by X-ray spectroscopy of the respective dicarboxylic 
acid 130 (Figure 2.11). Erythro 2,3-difluorosuccinic acid 130 was obtained in pure 
form starting from a purified sample of erythro 1,2-difluorobiphenylethane 
103 
(Scheme 2.20). 
F 
Ph 
Ph 
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Scheme 2.20. Synthesis of erythro 2,3-difluorsuccinic acid 130 via ozonolysis of compound 
103. 
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Crystallisation of erythro 2,3-difluorosuccinic acid 130 proved to be difficult due to 
the formation of amorphous material in several common solvents. Crystals suitable 
for X-ray analysis were finally obtained by sublimation of the compound in vacuo 
(Figure 2.11 ). 
H(20) 
Figure 2.11. X-ray structure of erythro-2,3-difluorosuccinic acid 130. Selected bond length (A) and 
related angles ['1: 02-Cl 1.302(2), 01-Cl 1.210(2), CI-C2 1.517(3), C2-F2 1.384, C2-C3 1.525(3), 
C3-F3 1.380(2), C3-C4 1.524(3), C4-04 1.203(2), and C4-05 1.308(2) A; 01-Cl-C2-F2 10.2(2), 02- 
Cl-C2-F2 171.70(14), F2-C2-C3-F3 65.18(17), Cl-C2-C3-C4 67.7(2), F3-C3-C4-04 -6.5(2), and F3- 
C3-C4-05 173.11(14)0. 
The crystal structure clearly indicates a gauche relationship between the vicinal 
fluorine atoms. This is consistent with the gauche effect, which predicts such a 
conformation. Interestingly both carboxyl groups prefer a specific planar 
conformation, which shows the carboDyl bond syn periplanar with respect to the C-F 
bonds. In the crystal packing, the carboxyl groups of two neighbouring molecules are 
hydrogen bonded which clearly determines the three dimensional structure of erythro- 
2,3-difluorsuccinic acid 130 (Scheme 2.12). Short O-H ... F contacts are observed that 
are within the sum of the Van der Waals radii. These interactions are generally weak 
in energy terms, but they contribute to the overall stability of the crystal lattice. 
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Figure 2.12. Crystal packing of erythro 2,3-difluoro succinic acid 130. Short 0-H ... 0 contacts are 
illustrated by dashed lines. Selected interatomar distances (A) and related angles [']: 02-H(20) ... 04#1 
1.709(10) [<159(2)], 02-H(2O). -. F3#1 2.28(2) [<118.6(18)], 05-H(50) ... 01#2 1.697(6) [<167(3)], 
05-H(5O). -. F2#2 2.52(3) [<I 12.0(19)]. 
Crystallisation of a mixture of 2,3-difluorsuccinic acids 130 and 132 did not facilitate 
the isolation of the threo isomer 132. Therefore the mixture was converted to the 
corresponding methyl esters and purified by silica gel chromatography. Acidic 
hydrolysis allowed the 2,3-difluorosuccinic acids 120 to be isolated as a mixture of 
diastereoisomers (Scheme 2.21). 
F MeOH /F1. HCI/Acetone F 
C02H Dowex-H 
Me02C 
C02Me 
2. Crystallisation 
ol H02C 
C02H 
H02C ---y 
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120 131 132 
Scheme 2.21. Purification of 2,3-difluorosuccinic acid. The crude dicarboxylic acid 120 is converted 
into its dimethyl ester 131 and then hydrolysed, with hydrochloric acid. Selective crystallisation of the 
threo isomer 132 is achieved in a benzene/acetone mixture. 
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Several solvent systems were tested to achieve the separation of erythro 2,3- 
difluorosuccinic acid 130 from its threo isomer 132. Acetonelbenzene proved to be 
the most suitable medium for crystallising the racemic threo isomer. The colourless 
needles of threo 2,3-difluorosuccinic acid 132 obtained from crystallisation in 
acetone/benzene proved to be suitable for X-ray crystallography (Figure 2.13). 
DO 
Figure 2.13. X-ray structure of threo 2,3-difluorosuccinic acid 132. Selected bond lengths (A) and 
torsion angles [']: 01-Cl 1.3059(17), 02-Cl 1.3059(17), CI-C2 1.5297(17), C2-172 1.3799(16), C2- 
C2A 1.518(2) A; 01-Cl-C2-F2 -5.57(17), 02-Cl-C2-F2 175.62(9)', F2-C2-C2A-F2A 65.3(20)'. The 
C2A-F2A bond length and 02A-CIA-C2A-F2A torsion angle are identical to the aforementioned 
values due to the symmetry of the molecule. The molecule has a symmetry plane and therefore the 0- 
H ... F distance outlined for the F(2) atom is the same for the F(3) atom. 
The crystal structure shows the molecule in an extended chain conformation with both 
C-F bonds gauche to each other. Not surprisingly, the carboxyl groups as the largest 
substituents are pointing away from each other as a result of steric strain and 
electrostatic repulsion. Steric effects may not be the only controlling factor for this 
solid state structure as again the two C-F bonds are gauche with respect to each other. 
In addition, intermolecular hydrogen bonding has to be considered as another 
influencing factor. One molecule of H20is bound for every succinic acid molecule, 
clearly participating in hydrogen bonding with the carboxyl groups. 
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Generally, O-H ... 0 interactions are strong in energy terms and thus can override 
conformational preferences of the isolated molecule. In addition, there are relatively 
short 0-H---F contacts between the bound H20 and the fluorine atoms, as illustrated 
by dashed lines in the crystal structure in Figure 2.14. Although within the sum of 
0 
their van der Waals radii, interatomic O-H ... F distances of 2.45 A are comparatively 
long and they will contribute very little stabilisation energy to the crystal. From 
theoretical calculations the stabilisation energy of two vicinal C-F bonds is estimated 
to be of 0.5-1.0 kcal/mol (Introduction). For this reason, the O-H ... F contacts may just 
be the result of the molecular geometry rather than due to genuine hydrogen bonding. 
Figure 2.14. Crystal packing of threo 2,3-difluorosuccinic acid 132. Short 0-H .. 0 contacts are 
illustrated by dashed lines. Selected interatomar distances (A) and angles ['1: 02-H(20) ... 
03 1.568(4) 
[<168.5(19)], 03-H(3A)-.. 01#2 1.901(11) [<156(2)], 03-H(3A) ... 03#2 2.67(2) 
[<112.6(17)], 03- 
H(3B) ... 01#3 1,814(3) [<172.5(19)], and 
03-H(3B) ... F2#3 2.447(19) [<I 12.5(14)]. 
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The melting points of the two diasteromers 130 and 132 were determined using both a 
melting point apparatus and by Differential Scanning Calorimetry (DSQ. The melting 
points obtained are significantly different. Interestingly, the threo isomer 132 has a 
much higher melting point than the erythro isomer 130 by about 30 'C, which may be 
due to stabilisation of the crystal-bound H20molecule (Figure 2,13). 
Table 2.3. Melting points of the difluorosuccinic acids 130 and 132. Crystallographic data indicate 
different crystal systems and space groups for the two diastereoisomers. 
Stereoisomer 
threo 132 
erythro 130 
Melting point 
(DSQ 
200.8 'C 
180.3 'C 
Melting point 
(manually) 
203-204 'C 
174-175 T 
Crystal 
system 
monoclinic 
orthorhombic 
Space group 
C2/c 
P2(l)-2(l)-2(l 
DSC is a technique used to obtain information on polymorphism and chemical 
stability of a particular compound and measures heat transfer over a defined 
temperature range. It also gives exact values for the melting point of materials. 
1 
'lý "ý OH 0 
125 
CH30H/ F0 
Dowex-H+ 
»- lý 
A 
ýýOCH3 
F 
134 135 
Scheme 2.22. Methyl 2,3-difluoro-3-phenylpropionate 133 was esterified and then purified by flash 
chromatography to give the erythro and the threo compounds 134 and 135. 
The major by-product from the ozonolysis of difluorodiphenylethane 99 was the 
difluoromonocarboxylate 125. The compound was purified by esterification with 
methanol and subsequent purification by silica gel chromatography (Scheme 2.22). 
Hydrolysis of the monoesters 134 and 135 as a mixture of diastereoisomers was 
0 
OCH3 
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achieved under acidic conditions. Freeze-drying and recrystallisation afforded 125 in 
pure form. The methyl esters 134 and 135, as well as the free carboxylic acids 125, 
exhibited interesting NMR couplings (Figure 2.15). 
-1 Ln r- OD 0 r- r C'I -V OD 
N r-I C) 0) 0) r- ýD Lf) 'KV ý. D 
v -V vmmM (n cn m C19 
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0 CD r-I 0) MH CN M -i r-I 00 OD 00 -, D -I; p ýo IV a) r- r-i C) ff) ýT m C) al 00 ID (1) N r- M (71 CD CO CD 00 f- r- W , I' -W M CN rq N C13 0) r- 
................ 
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8.0 7.5 7.0 6. S 6.0 S. 5 S. 0 4.5 4.0 3.5 3ýO PPM 
Figure 2.15. 'H NMR spectrum of methyl erythro 2,3-difluoro-3-phenylpropionate 134. C2-H and C3- 
H are dddd at 5.8 ppm and 5.3 ppm respectively. The compound was obtained by ozonolysis of a 
diastereoisomeri c ally pure sample of erythro 2,3-difluorosuccinic acid and subsequent crystallisation. 
The fluorines and their geminal protons in 134 and 135 are no longer chemically 
equivalent, and therefore a first order spectrum is obtained with a ddd pattern for each 
nucleus (Figure 2.15). Thus coupling constants can be read directly from the 
spectrum, however the conformational analysis is more complex. This is because the 
coupling constants are no longer affected only by the dihedral angle but also by the 
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adjacent functional groups. As a result two vicinal H-F and two geminal H-F 
couplings are obtained for each fluorine or proton nucleus. The signals for both 
fluorine nuclei are shifted upfield for the threo isomer 135 with respect to the erythro 
isomer 134. This large chemical shift difference is useful for the immediate 
identification of the compounds obtained from oxidative degradation of the aromatic 
precursors. 
Figure 2.16. '9F NMR spectrum of methyl threo 2,3-difluoro-3-phenylpropionate 135. Both 
19F 
resonances for C3-F and C2-F at - 193 ppm and -206 ppm show a ddd pattern according to a 
first order 
spectrum. 
In the erythro isomer 134, the chemical shifts of the 
19 F nuclei resemble those of the 
erythro difluorosuccinates and biphenylethanes (Table 2.4). 
This is not the case for 
the threo compound 135 where the fluorine signal adjacent to the ester group 
is 
shifted downfield with respect to the threo difluorosuccinate. 
The C3-F adjacent to the 
phenyl group is shifted upfield in comparison to threo 
biphenylethane 104. 
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Table 2.4. '9F chemical shifts for 2,3-difluoro-3-phenylpropionates 134 and 135 compared with 1,2- 
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difluoro-1,2-diphenylethanes 103 (104) and methyl 2,3-difluorosuccinates 87 (127). 
Structure Threo-isomer Erythro-isomer 
F 
Me02C --Iy 
C02Me 
F 
F 
Ph 
Ph---ý 
F 
F 
Ph""ý 
C02Me 
F 
F 
Ph""ý 
C02Me 
F 
-207.1 -202.0 
-183.8 -187.1 
-193.2 -187.9 
-205.6 -202.5 
Coupling constants for both diastereoisomers were determined in order to carry out 
conformational analysis. There is generally one 3 JHF coupling constant for each 
diasteroisomer as the two protons couple directly with each other. The coupling 
constants observed remain small and indicate a gauche relationship between these 
protons (Scheme 2.23). 
2 JHF= 44.3 Hz 
F2 H2 
3 
pC 
QM e JHF= 20.8 Hz 
F, 3 JHF= 28.0 Hz H 92 
2 JHF= 49.4 Hz 
3 JHHý 3.6 Hz 
3 JFFý -15.1 Hz 
erythro-isomer 
3 JHHý 2.8 Hz 
3 JFF=-10.1 Hz 
threo-isomer 
Scheme 2.23. NMR coupling constants of erythro and threo 2,3-difluoro-3-phenylpropionates 134 and 
135. The NMR spectra were recorded in CDC13 at room temperature. 
2 JHF= 44.5 Hz 
Fýý2 3 JHF= 23.6 Hz 
C QM e 
3 JHF= 26.3 Hz H2 F, 
2 
\, 
-"/ 
JHF= 44.6 Hz 
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Interestingly, in both compounds the C2-F nuclei adjacent to the carbonyl group show 
a smaller IJHF than the C3-F adjacent to the phenyl group. The 3 JHFcoupling constants 
within the erythro isomer 134 shows a large difference (-7 Hz), while that in the 
threo isomer 135 is small (-3 Hz). The geometry of the rotational isomers in the 
erythro series allows for different 
3 JHF coupling constants depending on the 
conformation of the molecule. Rotairners e and f contain a gauche and a trans 
relationship for the vicinal 1H and 19F nuclei (Scheme 2.24). 
F 
CO R CO R CO R 
H Ph'-ý 
C02R H Pheý Fj$ýh 
HOýF HFHF 
F Ph FH 
135 abc 
F CO ýR CO R 
Ph 
C02R Ph$ý R 
CoAl 
r(Lý 
HFH FOH 
Ph FH 
134 def 
Scheme 2.24. Staggered conformations of erythro and threo 2,3-difluoro-3-phenylpropionates 134 and 
135 shown by Newman will contribute differentially to the overall observed coupling constants. 
Naturally, the average overall erythro 3 JHFcoupling constants will be different for the 
(x- and the P-fluorine, pfovided that fotamefs e and f are not equally populated. The 
observed values for erythro 2,3-difluoro-3-phenylpropionate 134 show a large 
3 JHF 
coupling constant for the P-fluorine (PhCHF), but a smaller one for the (x-fluorine 
(CHFC02Me). This suggests a conformational preference for rotamer f over d and e. 
In the threo series, the vicinal 
3 JHF couplings have the same geometry in all three 
rotational isomers. For rotamer b and c there are two 
3 JHFgauche couplings. Rotamer 
a on the other hand has two trans 
3 JHF relationships. The overall 
3j 
HF CoUpling 
constant should therefore be similar for the fluorine nuclei, 
but in fact, these coupling 
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constants are different (7 Hz versus 3 Hz). Substituent effects may give a likely 
explanation, as the phenyl and the ester group are very different in electronic nature. 
F(8) 
C(3) C (8) C (9) OR 
C(2) C(4) 
CM 000) COO) 
C(5) CM 
C C6) 
FM 
F(17) C(16) 
C(15) C(11) 
C(20) (17) 
c 
020) 
C(12) C(14) 
C(19) C(18) COT 0(19) 
F(18) 
Figure 2.17. X-ray structure of methyl threo 2,3-difluoro-3-phenylpropionate 135. Selected bond 
length (A), bond and torsion angles [']: C7-C8 1.507(6), C7-F7 1.398(5), C7-C8 1.507(6), C8-F8 
1.358(5) C17-FI7 1.395(5), C17-C18 1.500(5), C18-FI8 1.369(5) A; Cl-C7-F7 109.3(4), C7-C8-F8 
110.2(4), F8-C8-C9 108.8(4), CII-CI7-FI7 109.6(3), F17-CI7-CI8 106.6(3), C17-CI8-FI8 109.8(3), 
F18-CI8-CI9 108.7(3)'; F7-C7-C8-F8 63.2(4), Cl-C7-C8-C9 -179.1(4), F8-C8-C9-09 -10.9(6), F8- 
C8-C9-010 168.0(3), F17-CI7-CI8-FI8 64.0(4), CII-CI7-Cl8-CI9 -178.5(4), F18-CI8-CI9-019 - 
9.9(6), F18-CI8-CI9-020 170.8(3)0. 
In the solid state, the C-F bonds of threo 2,3-difluoro-3-phenylpropionate 135 adopts 
a gauche relationship (Figure 2.17). This is consistent with the preference for rotamer 
a found in solution. Unfortunately, a similar X-ray structure is not available for the 
erythro isomer 134, as this compound is not a solid at room temperature. Attempts to 
crystallise its free carboxylic acid resulted only in the formation of amorphous 
material. 
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2.1.4 Mechanistic considerations on the ozonolysis reaction 
The mechanism for the ozonolysis of alkenes has been investigated extensively by 
Criegee . 
42 A mechanism was proposed which has recently been revised using 
170 
NMR spectroSCOPY. 43 The first step is a 1,3-dipolar cycloaddition of ozone onto the 
double bond of the alkene 136, which leads to the fon-nation of a molozonide 137 
(Scheme 2.25). 
00 R' 
R' 
R' 
03 0": 
]; ý-o I r, 0-ý 
R 
)LJX 0R) 
-0 11ý0+ R0 1/0 
136 137 138 139 140 
Scheme 2.25. Criegee mechanism for the formation of a molozonide 137 involves a [3+2] 
cycloaddition of ozone and an alkene 136.44 
The molozonide 137 is not stable and decomposes on formation to give a carbonyl 
compound 138 plus a carbonyl oxide 139. The cafbonyl oxide 139 is similar in 
reactivity to ozone and undergoes a 1,3-dipolar cycloaddition with the carbonyl 
compound 138. This gives rise to a more stable secondary ozonide 140. Although 
such compounds have been isolated previously, they are generally explosive species 
and represent a serious hazard to the research worker. Accordingly, it is necessary to 
perform the reaction and work up in a fumehood or behind a safety shield. The 
secondary ozonide can be reduced with sodium borohydride to give alcohols, oxidised 
with hydrogen peroxide to give carboxylic acids, or treated with dimethyl sulfide or 
triphenyl phosphine to obtain aldehydes (Scheme 2.26). 
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Scheme 2.26. The ozonide 140 can be interconverted to yield aldehydes or ketones, reduced to 
alcohols, or oxidised to carboxylic acids. 
The Criegee mechanism is valid in apolar solvents such as hydrocarbons and 
dichloromethane. If the reaction is carried out in protic solvents such as alcohols, a 
hydroperoxyherniacetal 141 is fonned, which can rearrange to give an ester 142. 
H3C"' 
139 
0 R' 
H3C y 
OH 
141 142 
Scheme 2.27. In protic solvents such as methanol the solvent presumably participates in the reaction to 
form a reactive hydroperoxyhemiacetal 141, an intermediate which eventually affords an ester 142. 
Mechanistically, the oxidative depletion of aromatic compounds by ozone is a 
complex process, and opposing theories exist. The concept of localised n-complexes 
and the formation of an initial triozonide 144 from the interaction of benzene with 
three molecules of ozone has been postulated (Scheme 2.28). It has however been 
pointed out, that the resulting tetracyclic intermediate imposes considerable steric 
strain, and in particular formation of the respective secondary ozonide appears rather 
unlikely. 
It. H3C 1110 y 
R' 
0 
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Scheme 2.28. Proposed formation of triozonide 144 in the ozonisation of an aromatic compound 143.45 
An alternative mechanism involves the electrophilic attack of one molecule of ozone 
on to a localised 7t-complex (Scheme 2.29). The molozonide 145 collapses into 
zwitterions such as compound 146. In the presence of a protic solvent such as acetic 
acid the zwitterion will be quenched to form the acetohydroperoxide 147. Formation 
of this intermediate has been concluded from the presence of degradation products 
such as formic acid, acetic acid, and glyoxal. Mechanistic considerations for the 
degradation of the acetohydroperoxide interinediate 147 are rather speculative, but 
may proceed by a second electrophilic addition of ozone onto the conjugated double 
bond of 147. The possible intermediates will then breake down further in the presence 
of hydrogen peroxide to give the desired carboxylic acid 148. 
RR0R+ 
C., t 1--5 0, 5ýý o+ --». 146 
0 
143 145 AcOH 
1-10 
OAc 
0 HO 9 
HO lý RR 
ZýýýH 
148 147 
ic: rings b 
46 
Scheme 2.29. Proposed mechanism for the oxidative degradation of aromat y ozone. 
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The hydroperoxide intermediate 147 has some stability and may thus remain in the 
reaction mixture even after treatment with aqueous hydrogen peroxide. For this 
reason, removal of the solvent and handling of the crude product has to be carried out 
with care. In addition, palladium-black can be added prior to solvent removal in order 
to decompose all remaining peroxides in solution. This treatment allows for safe 
handling of the materials involved even on a large scale. In principle, the rate of 
decomposition of all unsaturated intermediates should be high considering the 
reactivity of alkenes towards ozone under the reaction conditions. The first step in the 
reaction, namely the electrophilic addition of ozone onto the localised ir-complex of 
the aromatic compound is the rate- determining step. Thus, improvement of reaction 
rate and yield will require changing the nature of the starting material. 
2.1.5 Scale up of the difluorosuccinic acid synthesis 
In the following, attempts to improve the yield of the ozonolysis and scale up of the 
synthetic route to 2,3-difluorosuccinic acids are described. Ozonisation requires 
solvents that are inert towards ozone attack, especially when the reaction is perfon-ned 
at room temperature. The most common solvents are dichloromethane, ethers, or 
hexanes, but also methanol has been used successfully at low temperature. Protic 
solvents such as alcohols are known to stabilise the polar breakdown intermediates of 
the ozonide, thereby considerably accelerating the reaction. However, these solvents 
are significantly reactive towards ozone and therefore must be used 
below -20 
Formic acid and acetic acid represent alternative solvents; they are stable to ozone and 
may accelerate the rate of reaction due to their inherent polarity. 
Acetic acid appeared 
to be the solvent of choice for this reaction as the 1,2-difluoro-1,2-biphenylethanes 
99 
have only a low solubility in formic acid. 
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Performing the reaction at 30 OC and 60 T respectively did not alter the rate of the 
reaction significantly. Concentration of the starting material proved to be a crucial 
factor. In general, concentrations higher than 1.0 gM led to extremely low yields due 
to incomplete degradation of the phenyl groups. The low concentrations of starting 
material tolerated presented a serious problem for scale up. Because of this, attempts 
were made to improve the yield by using more reactive starting materials. In the 
ozonolysis of aromatic compounds, electron-donating groups activate aromatic 
systems toward electrophilic ozone attack. An example of this effect is provided in 
Woodward's strychnine synthesis, in which methoxy substitution allowed for 
selective oxidation of one aromatic ring of 149 over two others to afford an terminally 
functionalised (4Z)-diene 150 (Scheme 2.30). 
0 
\\ //0 N ý-s 
c C02Et CH3 
N' 
I 
Ac 
H,: tCO 
OCH3 
149 
150 
Scheme 2.30. Woodward's strychnine synthesis involves a selective ozonisation step in which a 
dimethoxy substituted aromatic ring reacts selectively over the two others. 
47 
In order to improve the rate of oxidation of 1,2-difluoro-1,2-biphenylethane 
99 by 
ozone, methoxyl substitution of the aromatic rings was envisaged. 
An obvious 
strategy to synthesise such compounds was to use 
4,4'-dimethoxystilbene 151 as the 
starting material for Olah's difluorination procedure 
(Scheme 2.3 1). 
% ý//o N 
03/AcOH C02Et CH3 
29% N 
Acc 
I C02Et 
c COoEt 
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OCH3 
H 
152 151 
OCH3 
Scheme 2.31. Fluorobromination of 4,4'-dimethoxystilbene 151 with N-bromosuccinirnide and PPHF. 
4,4'-Dimethoxystilbene is commercially available as the trans isomer. Surprisingly, 
the compound proved to be virtually insoluble in all common solvents and even 
PPHF. The poor solubility of the starting material 151 completely impeded its 
application. The solubility problem was eventually solved by treatment of a THF 
suspension of 4,4'-dimethoxystilbene 151 with ultraviolet light (Scheme 2.32). 
H3 
hv, 350 nm 
THF 
151 151+153 
Scheme 2.32. Isomerisation of trans 4,4'-dimethoxystilbene 151 by means of UV irradiation. 
OCH3 
The treatment of 151 with ultraviolett light generated a homogeneous solution, 
--Aý presumably due to the formation of an E and Z mixture of stereoisomers 151 and 153. 
The transformation was carried out in Pyrex glassware, which is perfectly permeable 
to light above 300 nm, the wavelength necessary for excitation of the trans conjugated 
double bond. On the other hand it absorbs most of the electromagnetic radiation 
below 200 nin which is necessary for excitation of the Z-isomer 153 and therefore a 
one way conversion of the E to Z isomer is achieved. Disappointingly, conversion of 
the E/Z-mixture of 4,4'-dimethoxystilbene with NBS in PPHF under the standard 
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reaction conditions did not result in the expected fluorination of the double bond. 
Several attempts were made in a variety of solvents such as tetrahydrofuran, diethyl 
ether, dichloromethane, and neat PPHF, but in all cases only the unreacted starting 
material was recovered from the reaction. It was assumed that conjugation of the 
methoxyl groups with the aromatic ring and the central double bond may be 
responsible for this lack of reactivity. 
H Ethyl fluoro- H3 
acetate, LIDA, 
THF, -78 OC Ib 
30% 
F 
Et H3CO", C02Et 
Deoxofluor 
CH2CI2, R', F 
90% OCH3 
154 155 156 
Scheme 2.33. Synthesis of ethyl 2,3-difluoro-3-[3,5-dimethoxyphenyll-propionate 156 via the aldol 
reaction of ethyl monofluoroacetate and 3,5-dimethoxybenzaldehyde 154. 
The synthesis of more reactive precursors for the ozonolysis reaction was finally 
achieved by a sequence of an aldol reaction followed by nucleophilic fluorination 
(Scheme 2.33). Aldol reaction of ethyl fluoroacetate with 3,5-dimethoxybenzaldehyde 
154 using lithium diisopropylamide as the base led to formation of fluorohydrin 155. 
The compound was obtained as a 1: 1 mixture of diastereoisomers. After purification 
by flash chromatography the diasteroisomeric mixture of 155 was treated with 
Deoxofluor to afford 156. As expected, the difluoro compound readily underwent 
ozonolysis to give the symmetrical ester 157, which was 
hydrolysed without 
purification to give 2,3-difluorosuccinic acids 120 as a mixture of threo and erythro 
isomers. 
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Scheme 2.34. Synthesis of 2,3-difluorosuccinic acid 120 by ozonolysis of ethyl 2,3-difluoro-3-[3,5- 
dimethoxyphenyll-propionate 156. 
The aldol addition is the more problematical step in the synthesis of the difluorinated 
precursor 157.19F NMR spectroscopy was used to analyse the conversion of ethyl 
fluoroacetate to the fluorohydrin 155, the formation of which is indicated by a doublet 
of doublet. Surprisingly, a large excess of base was required to achieve a reasonable 
conversion of ethyl fluoroacetate. Attack of the lithium enolate 158 onto aldehyde 154 
results in the formation of alkoxide 157, which itself is a strong base (Scheme 2.35). 
H3 
OCH3 
154 
OU 
HH 
F 158 
C02Et 
157 
Scheme 2.35. The addition of the lithium enolate 158 on to aldehyde 154 yields lithium alkoxide 157. 
The reaction mixture was quenched at low temperature to prevent the persistence of 
strongly basic conditions. Formation of inorganic fluoride as a result of elimination 
was not observed by 
19F NMR spectroscopy. A drawback of this method is that the 
compounds were obtained as a mixture of all possible stereoisomers, and that the 
separation of diasteroisomeric ethyl 2,3-difluoro-2-[3,5-dimethoxyphenyl]propionates 
156 as well as their precursors 155 was not possible. 
OCH3 
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2.1.6 Synthesis of amides and esters of 2,3-difluorosuccinic acid 
Derivatisation of erythro and threo 2,3-difluorosuccinates was envisaged in order to 
compare their physical properties. Different sets of diastereoisomers were obtained, 
which exhibited quite different NMR coupling constants and solid state 
conformations. The diamides where anticipated to yield crystals that allow for X-ray 
analysis and the synthesis of the diethylesters facilitated the variable temperature 
NMR experiments which were used for conformational analysis of the vicinal difluoro 
compounds (Chapter 2.5). 
F EtOH/Dowex-H' FF 
C02H reflux, 16 h 
30 Et02CA"'ý 
C02Et + 
Et02C""ly 
C02Et 
H02 81% 
FFF 
120 159 160 
Scheme 2.36.2,3-Difluorosuccinic acid 120 was heated under reflux in ethanol using ion-exchange 
resin as the acid catalyst in the formation of diesters 159 and 160. 
The synthesis of erythro and threo ethyl 2,3-difluorosuccinates 159 and 160 was 
achieved by treatment of 2,3-difluorosuccinic acid 120 with ethanol in the presence of 
strongly acidic ion-exchange resin (Scheme 2.36). Several solvent combinations were 
tested in order to achieve isolation of the individual diastereoisomers by means of 
silica gel chromatography. Unfortunately, erythro and threo 
2,3-difluorosuccinates 
159 and 160 could not be separated, and had to be synthesised 
individually from their 
diastereornerically pure erythro and threo 2,3-difluorosuccinic acids 130 and 132. 
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The synthesis of 2,3-difluorosuccinamides 161 and 162 was of major interest, as these 
derivatives were anticipated to be solids at room temperature and as such amenable to 
X-ray analysis. These would than be used to assess the preferred solid state 
conformation for the diastereoisomers. The compounds were obtained from the 
racernic 2,3-difluorosuccinic acids 120 using standard peptide coupling procedures 
(Scheme 2.37). 
F EDC, HOBt F0F0 
C02H BnNH2, DMF BnHN,, + BnHN 
H02 C-*"Y 
93% 
10 NHBn 
"NHBn 
F0F0F 
120 161 162 
Scheme 2.37. The synthesis of dibenzyl 2,3-difluorosuccinamides 161 and 162. The erythro and threo 
diastereoisomers were separated by silica gel chromatography. 
Initially, the reaction was carried out with dicyclohexylcarbodiimide (DCQ, a 
reagent, which is effective for activation of carboxylic groups to undergo arninolysis. 
The reaction is typically carried out in the presence of HOBt, which prevents from 
side reactions and racernisation of adjacent stereogenic centres. The reaction was 
conveniently followed by 19F NMR analysis, which indicated clean conversion of the 
starting materials. When DCC was used as the coupling reagent, isolation of the pure 
compounds was hampered by the formation of dicyclohexylurea as the co-product, 
which is generated in 2 molar excess. In order to ease purification of the amides, DCC 
was substituted by EDC, which forms a urea that can be conveniently removed by 
aqueous wash. Using the improved procedure, the diasteroisomers 161 and 162 could 
be separated by silica gel chromatography simply after work up. Recrystallisation of 
the pure diasteroisomers allowed for X-ray analysis of 
both diastereoisomers. 
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The erythro isomer 161 crystallised in two independent structures, which very similar 
conformations. The more abundant (70%) conformer is shown in Figure 2.18. 
, ý% 11-11 
Figure 2.18. X-ray structure of erythro dibenzyl 2,3-difluorosuccinan-iide 161. Selected bond lengths 
(A), bond angles ('), and torsion angles: N3-N2 1.333(5), C2-02 1.235(4), CIA-C2 1.553(8), FI-CIA 
1.368(8), CIA-CIAA 1.533(13); FI-CIA-C2 115.0(4), FI-CIA-CIAA 107.2(7), FI-CIA-HIAA 
109.6; C4-N3-C2-02 0.2(7), C4-N3-C2-CIA 171.2(4), N3-C2-ClA+I -115.0(5), 02-C2-CIA-Fl 
56.5(7), 02-C2-CIA-CIAA -61.5(8), C2-CIA-CIAA-C2A, FI-CIA-CIAA-FIA. 
The bond lengths, bond angles, and torsion angles on either side of the 
difluorosuccinamide moiety are identical as a result of the symmetry of the molecule. 
The main chain of 161 adopts an extended conformation in which the C-F bonds are 
anti with respect to each other. In that conformation the large benzyl substitiuents 
point in opposite directions minimising steric interactions within the molecule. 
Although the (x-fluoroamide groups are planar, as it is typical for these groups, the C- 
F bonds are 23' off the ideal syn planar arrangement typical of the (x-fluoroamide 
moiety. Also the C-F bonds adopt an anti conformation which is unusual for the 
vicinal difluoro moiety. Apparently, the conformation of 161 is mainly controlled by 
steric effects, although the main chain does somewhat deviate from the ideal zig-zag 
conformation. 
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An additional factor obviously influencing the solid state conformation is 
intermolecular hydrogen bonding. This becomes evident in considering the crystal 
packing of 161. There is apparently strong intermolecular hydrogen bonding between 
the amide hydrogen and the carbonyl oxygen of adjacent molecules, which is 
illustrated by the dashed lines in Figure 2.19. 
Figure 2.19. Crystal packing of 161. The crystal system is monoclinic with space group P2(1)/c and R 
factor of 0.1372. There are short N3-H ... 02#2 contacts of 1.8651(53) 
A length, clearly indicating 
intermolecular hydrogen bonding. 
These interactions are naturally strong and can override stereoelectronic effects in 
energy terms readily. Therefore, involvement of N-H ... 0 hydrogen bonding is most 
likely the origin for the deviation of the oc-fluoroamide groups from its ideal anti 
periplanar conformation and this may in turn affect the overall conformation of the 
main chain and the dihedral angle of the C-F bonds. 
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In contrast, the crystal structure of the threo isomer 162 shows both C-F bonds 
perfectly syn planar with respect to the N-H bond, consistent with the typical anti 
planar arrangement of the ot-fluoroamide group (Figure 2.20). 
c (9) c (101) 
C (g-) ý-'o C (7) C(6) 
C(4)__ 
C(5) 
57 
N(3) 
C(2) 
0(2) 
F(11) C(16A) 
F(l) (14) 
C(17A) 
C(11) C(15) 
C(l) C(12) (18) 
C(20A) C(19A) 
002) 
Figure 2.20. X-ray structure of threo dibenzyl 2,3-difluorsuccinan-fide 162. Selected bond lengths (A) 
and torsion angles ('): N3-C2 1.349(10), C2-02 1.229(9), C2-CI 1.518(11), Cl-FI 1.411(8), Cl-CI I 
1.544(10), Cl I-Fl 1 1.365(10), Cl I-CI2 1.558(13), C12-012 1.204(10), C12-NI3 1.388(l 1); FI-Cl- 
C2 109.2(6), FI-Cl-CII 108.5(6), FI-CI-HIA 110.0, FII-CII-Cl 109.3(6), FII-CII-CI2 110.8(6), 
FII-CII-HIIA 109.9; C4-N3-C2-02 -4.4(10), N3-C2-Cl-Fl 7.7(8), 02-C2-Cl-Fl -173.3(6), C2-Cl- 
CII-CI2 167.0(6), FI-Cl-CII-Fll -72.0(8), FI-Cl-CII-CI2 48.1(7), Cl-CII-CI2-NI3 -110.7(7), 
FII-CII-CI2-012 -172.4(7), FII-CII-CI2-NI3 8.4(8), CII-CI2-NI3-CI4 176.4(6). 
The compound crystallises in two independent molecules, which differ only in the 
orientation of one of the phenyl rings at the end of the chain. Bond length and torsion 
angles of the second independent molecule are identical to the aforementioned values. 
Remarkably, the vicinal C-F bonds align gauche with respect to each other, which is 
consistent in terms of the gauche preference for vicinal difluoro compounds. The 
planarity of the oc-fluoroamide moiety and the gauche arrangement of the C-F bonds 
suggest that the conformation is determined to a high degree by stereoelectronic 
effects operating between the an-tide group and the C-F bond. Such effects would 
reasonably explain the slight deviation of the main chain from the ideal extended zig- 
zag conformation. 
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Figure 2.21. The crystal packing of 162 is viewed along the c-axis. Short N-H ... 0 contacts are 
illustrated by dashed lines. Selected interatomic distances (A) and angles ['] for msdhl6: N(3)- 
H(3N) ... 02#1 1.98 [<155.2], N13-H(13N) ... 0(32)#l 1.97 [<157.1], N23-H(23N) ... 0(22)#l 2.04 
[<152.5], N33-H(33N) ... 012#2 1.98 [<159.9]. 
The diastereoisomers show quite different melting points, which were determined by 
DSC analysis. Not surprisingly, the threo isomer 162, which consists of a racemic 
mixture, has the lower melting point compared to the erythro isomer 161 (Table 2.5). 
Table 2.5. Comparison of physical properties of erythro and threo dibenzyl 2,3-difluorosuccinamides 
161 and 162. 
Stereoisomer 
threo 
erythro 
Melting point 
(DSQ 
133.1 'C 
165.1 'C 
Melting point 
(manually) 
133-147 'C 
159-160 'C 
Crystal 
system 
Monoclinic 
Triclinic 
Space group 
I 
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A comparative structure without the fluorine substituents is provided by dibenzyl 
succinamide 164. This compound was prepared in analogy to the fluorinated 
structures, starting from succinic acid using the EDC/HOBt coupling procedure 
(Scheme 2.38). The product could be recrystallised to purity and crystals suitable for 
X-ray analysis were obtained. 
H02C""-"ýý 
C02H 
163 
EDC/ HOBt 
BnNH2, DMF 
IN 
82% 
164 
Scheme 2.38. Synthesis of dibenzyl succinarnide 164. The dian-ýde was obtained by EDC coupling of 
succinic acid 163 with excess benzylarnine. 
The crystal structure of dibenzyl succinamide shows the main chain to be almost 
perfectly linear, consistent with minimal steric strain. The carbonyl groups point in 
opposite directions, which reduces electrostatic repulsion and also results in dipole- 
dipole compensation of the amide moieties (Figure 2.22). 
Figure 2.22. X-ray derived structure of dibenzyl succinamide 164. Selected bond lengths (A) and 
torsion angles ('): NI-C2 1.343(3), C2-02 1.236(3), C2-C3 1.501(4), C3-C4 1.511(3), C4-C5 1.514(4), 
C5-05 1.230(3), C5-N6 1.346(3); C14-NI-C2-02 5.0(4), C14-NI-C2-C3 -174.8(3), 02-C2-C3-C4 
4.6(4), NI-C2-C3-C4 -175.6(3), C2-C3-C4-C5 -179.7(3), C3-C4-C5-N6 178.9(2), 
C4-C5-N6-C7 
176.6(3), 05-C5-N6-C7 -2.6(4). 
0 
BnHN 
NHBn 
0 
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There is clearly intermolecular hydrogen bonding between the carbonyl oxygen and 
the amide hydrogen as indicated by the dashed lines (Figure 2.23). The geometry of 
the molecule allows for an antiparallel orientation of the individual molecules in the 
crystal packing, which is analogous to that found in anti parallel P-sheet of peptides. 
HONBI) 
N(6B) 
N, 01 B) 
H(RNR) Y0 (2 B) 
, 0(-)) H(6N) )0(2) 
N 4(j) (1) 
. OAý000' ýN (6) 
Figure 2.23. The crystal packing of dibenzyl succinan-iide 164. Short N-H ... 0 contacts are indicated by 
dashed lines, which suggest intermolecular hydrogen bonding. Selected distances (A) and angles 
for msdhl8: NI-HIN ... 05#1 1.877(3) [<179(2)], N6-H6N ... 02#2 1.844(3) 
[176(2)]. 
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2.1.7 Langmuir isotherm analysis 
Results and Discussion 
Langmuir isotherm analysis has been used as a tool in which to assess conformational 
stability of structurally related compounds. 48 For example, the technique has been 
used to investigate the conformational stability of 9,10-difluorostearic acids 165 and 
166 (Scheme 2.40) . 
49As 
part of the analysis, each of the stearic acids was deposited 
onto the surface of ultrapure water in a Langmuir trough to measure surface pressures 
versus area per molecule. The resultant Langmuir isotherms indicated a significant 
level of disorder for the erythro compound 165 compared to the threo isomer 166. 
This was rationalised in terms of quite different conformational stabilities for the 
individual diastereoisomers. 
F 
F 
F 
165 
F0 
166 
Scheme 2.40. Langmuir isotherm analysis of compounds 165 and 166, and comparison of their 
Langmuir isotherms allows for investigation of conformational mobility of the compounds. 
Attachment of long alkyl substituents onto the difluorosuccinic acids would allow for 
Langmuir isotherm analysis of these compounds. Ideally, the substituents require 
polar groups at the end of the chain in order to associate with the water surface. 
The 
planarity of the cc-fluoroamide moieties will impart some 
degree of rigidity to the 
molecule that will amplify the effect around the F-C-C-F motif 
(Scheme 2.41). 
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It was anticipated that the threo isomer in Scheme 2.41 would be more extended than 
the erythro isomer due to the vicinal fluorine gauche effect. The threo compound has 
the C-F bonds gauche in the extended zig-zag conformation, which is 
stereoelectronic ally preferred. Applying pressure to the threo isomer 166 will require 
additional energy compared to the erythro isomer 165 in Scheme 2.41 that has the two 
C-F bonds anti with respect to each other. As a result, the diastereoisomers may 
exhibit quite different Langmuir isotherm behaviour, an effect that can be directly 
attributed to the conformational mobility of these compounds. 
RO C 
HF0FH 
N 
NJ' Hý) 
F 
H C02R H 
0F 
etythro-isomer 
F0R 
H N' FK1 
HR 
0F 
threo-isomer 
Scheme 2.41. The diasteroisomers of alkyl amides derived from 2,3-difluorosuccinic acid 130 and 132. 
The rhombuses indicate polar groups necessary for effective adsorption onto the water surface. The 
squares drawn over the (x-fluoroamide moieties indicate their conformational rigidity. 
Suitable substituents to be attached to 2,3-difluorosuccinic acid 130 and 132 may be 
long chain carboxylic acids or their ammonium salts to ensure binding to the water 
surface. II -Aminoundecanoic acid 167 emerged as the molecule of choice to 
be 
attached to the difluorosuccinic acid scaffold. This transformation required protection 
of the carboxyl group prior to amide formation. Several methods are available for this 
reaction, the most classical of which involves a protection/deprotection sequence of 
the amino group. 
50 
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According to the literature procedure, protection of the amino group was carried out 
with butoxycarbonyl anhydride. The N-protected arnino acid was then esterified under 
basic conditions with methyl iodide, and the final building block 170 obtained by 
deprotection of the butoxycarbonyl group with acetyl chloride/methanol (Scheme 
2.42). 
ý12N 
167 
BOC20 / 
aq. NaOH HN 
88% 1 
boc 168 
CH31, Et3N, 
DMSO, 8h 
AcCI/CH30H 
HX"ýýýýýý 
C02CH3 '4 -- HN 
quantitative I 
Boc 169(38%) 
170 
Scheme 2.42. Synthesis of methyl I-atninoundecanoate 170 required for EDC coupling to 2,3- 
difluorosuccinic acids 130 and 132. 
The reaction of acetyl chloride in excess methanol generates dry hydrochloric acid 
which can facilitate esterification of the carboxyl group. The combination of acetyl 
chloride and an alcohol has been used as a synthetic protocol for simultaneous 
esterification and deprotection of an-fino acids. 51 In principle the coupling of 
esterification and deprotection should furnish the amino ester in a single step. 
Application of this methodology to the protected amino ester 169 indeed gave the 
amino ester 170 directly, however in a disappointingly low yield. An attempt aimed at 
direct esterification of II -aminoundecanoic acid 167 with trimethylsilyl diazomethane 
proceeded equally sluggishly. 52 Material was therefore brought through using the 
established esterification/ deprotection protocol. 
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The amino ester 170 can be readily coupled with 2,3-difluorosuccinic acids 130 and 
132 using the established EDC peptide coupling protocol. The resultant amides 171 
and 172 were readily hydrolysed under acidic condition to give the free carboxylic 
acids 173 and 174 (Scheme 2.43). 
HF00 
00FH 
171 R= CH3 
173 R=H 
HF00 
RO N 
"N" 
OR 
00FH 
172 R= CH3 
174 R=H 
Scheme 2.43. The diasteroisomericaRy pure diamides 171 and 172 were obtained by EDC/HOBt 
coupling of methyl I-arninoundecanoate 170 with 2,3-difluorsuccinic acids 130 and 132 in DMF at RT. 
The Langmuir isotherm analysis was carried out with compound 174, however, due to 
the solubility properties of compound 174 these results were not unambiguous. 
Addition of chloroform as a co-solvent to the water phase facilitated the measurement 
of a surface to pressure isotherm, which however has to be confirmed by additional 
experiments. The experiment indicated an extended surface area at low pressure, 
which underwent some sort of phase change with at higher pressures. In particular, the 
analysis of the erythro isomer 173 will be of major interest for comparison. 
Although 
compound 173 was conveniently obtained in the same manner as compound 
174, 
purification proved to be somewhat more difficult. Purification of 
173 to pass 
elemental analysis and the synthesis of a non-fluorinated analogue will 
be in the focus 
of further work in this area. 
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Compounds 173 and 174 were solids at room temperature and were obtained as white 
crystals. The melting points of 173 and 174 were investigated in order to establish 
differences in terms of physical properties for the diastereoisomers. The melting 
points are very similar and the differences observed are likely to be within 
experimental error (Table 2.6). 
Table 2.6. Melting points of compounds 173 and 174 obtained from DSC analysis and melting point 
apparatus. 
Stereoisomer 
Melting point 
(manually) 
R=OH 
Melting point 
(DSQ 
R=OH 
threo 145-146 'C 
erythro 138-141 'C 
15 1.1 'C (1 ") 
131.5 'C (2 nd) 
146.7'C 
The difference in purity of the two isomers may have significant influence on the 
melting point. In order to establish the melting points unambiguously, the melting 
points were measured by DSC analysis (Table 2.6). The experiment shows a slightly 
higher melting point for the threo isomer in the first heat cycle, but a lower melting 
point in the second cycle. The appearance of phase changes at different temperatures 
for the same compound indicates the appearance of different polymorphs. The effect 
of polymorphism was anticipated for the erythro compound, which may have a 
tendency to adopt either a F-C-C-F gauche conformation, or the extended zig-zag 
conformation of the main chain on the other hand. However the erythro isomer 173 
did not indicate such an effect and thus concise conclusions are not forthcoming from 
these experiments. 
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2.1.8 Effect of the vicinal difluoro motif on chemical reactivity 
In order to explore the effect of conformation on chemical reactivity, bis-allyl amides 
175 and 176 of 2,3-difluorosuccinic acids were prepared. The erythro and threo 
diastereoisomers 175 and 176 were expected to show different reactivity towards ring 
closing methathesis, a reaction, which has recently attracted much attention in organic 
synthesis. 53 Cross metathesis (CM) and ring closing metathesis (RCM) have also 
found application in fluoroorganic chemistry. 
54,55 The reaction has been shown to be 
especially useful in generating medium ring sizes, which are traditionally problematic 
in organic synthesis due to enhanced ring strain. The reaction therefore appeared to be 
ideal to benchmark the influence of two vicinal C-F bonds in 175 and 176 on 
chemical reactivity. As a consequence of the gauche effect, it was anticipated that the 
erythro isomer 175 would cyclise more readily than the threo isomer 176. 
iYr 175 176 
Scheme 2.44. The preparation of bis-(I-propenyl)-2,3-difluorosuccinamides 175 and 176 was achieved 
using the standard EDC/HOBt coupling protocol. 
Synthesis of the RCM precursors was accomplished using the standard EDC peptide 
coupling protocol as outlined previously. The threo and erythro isomers 175 and 176 
were obtained as a mixture of stereoisomers starting from a 1: 1 mixture of threo and 
erythro 2,3-difluorosuccinic acids 120. No attempt was made to separate the 
diastereoisomers and the stereoisomers 175 and 176 were used as a mixture in order 
to compare the rates of reaction under identical conditions. The progress of the 
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reaction was monitored using 19F NMR spectroscopic analysis and ESI mass 
spectrometry. The reaction was performed according to a literature procedure using 2 
mol% of Grubbs catalyst in dichloromethane (Scheme 2.45). 56 
175/176 
CH2CI2, reflux 
Mesr'ý 
N, 
Mes 
C"'Ry=\ 
cil PCY3 Ph 
HN NH 
e-N 
0 
FF 
178 
HN NH 
0ýý- 
-0 FF 
177 
Scheme 2.45. Attempted ring closing metathesis of 2,3-difluorosuccinamides 175 and 176. 
179 
In the methathesis reaction, there was no clear indication of product formation from 
either of the diastereoisomers. A variety of signals were observed in the 19F NMR 
spectrum possibly indicating the formation of various oligomers. The formation of 
oligomers of 175 and 176 may be favoured kinetically due to the presence of the 
fluorine substituents. The strong preference of the (x-fluoroamide moiety to adapt a 
syn planar conformation may render the intramolecular ring closure difficult as steric 
and stereoelectronic effects have to be overcome in bringing the molecular termini 
together. Considerable ring strain in the cyclic bisamides 178 and 179 will also render 
the process thermodynamically less favourable, as well as the presence of the 
endocylic double bound in the 10-membered ring. Consequently, the fonnation of a 
cyclic structure comprising the vicinal difluorosuccinamide moiety may be hard to 
achieve, even though there are a number of other synthetic methods for this 
transformation available. 
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2.2 Pseudopeptides 
The term pseudopeptide refers to a molecule that is structurally related to a peptide. 
Peptides are made up of specific sequences of amino acids, and they represent a 
universal building block in nature of which all living organisms are constructed. Small 
peptides are used as therapeutic agents due to their ability to influence neurological, 
immunological, and enzymatic processes with high specificity and prodigious 
potency. 1 any artificial peptides have found application in various fields of 
medicine such as in the control of pain, cancer therapy, cardiovascular problems, 
connective tissue diseases, digestive disorders, mental illnesses, and in the regulation 
of fertility and growth. 2 There are currently more than 40 marketed peptide 
therapeutics worldwide, and today, the global peptide pharmaceutical market has 
reached an annual growth rate of over >15 %. 3 Peptide structures are also of growing 
interest in materials science where proteins form polymers of amazing stability, 
strength and elasticity. As an example, the silk of the garden spider Araneus 
diadermatus, which consists of protein domains of 200-300 kDa, has strength 
comparable to that of nylon and a superior elasticity to all known materials. 
The concept of introducing fluorine into peptide structures is relatively new, probably 
4 
due to synthetic limitations to regio- and stereoselective fluorination. Nevertheless, 
fluorine containing arninoacids and peptides have found widespread bio-organic 
applications for instance as enzyme inhibitors, biological tracers, and in medical 
applications including the control of blood pressure, allergies, and tumor growth. 5 
Due to the small size of fluorine its replacement for other substituents such as 
hydrogen or hydroxyl does not induce significant steric perturbations, and once 
introduced, the strong carbon-fluorine bond is particularly resistant to metabolic 
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transformations. 6 This effect is extremely important in maintaining activity and 
improving bioavailability of therapeutic agents, given the fact that these are usually 
administered far from the site of action. Moreover, the high electronegativity of 
fluorine can also have a significant effect on the basicity and acidity of neighbouring 
functional groups and on the electron distribution of the molecule. Hence, it may 
change the overall reactivity and stability of a given compound and often, profound 
and unexpected changes in their activity and pharmacokinetic profiles are observed. 
In addition, the sensitivity of the fluorine nucleus to the surrounding environment 
along with large 19F-'H coupling constants renders fluorine incorporation a 
particularly powerful tool for the investigation of biological processes. Proteins can be 
analysed conveniently by 19F NMR spectroscopy in their natural environment without 
any background noise. The fluorine chemical shift is of such sensitivity that an 
increase or decrease by as much as 8 ppm can be observed when the protein is 
denatured. 7 
Proteins form well-defined three-dimensional structures, which are the basis of their 
biological function. The term peptidomimetics has been coined for compounds that 
mimic the action of certain peptide motifs and the efficiency of such compounds will 
crucially depend upon its ability to adopt specific secondary and tertiary structures. As 
the inherent conformational. flexibility of a peptide can result in a large number of 
possible structures,, it is of importance to predict and control the conformation of 
peptides or peptidon-iimetics in the development of new therapeutics. In this context, 
the introduction of fluorine may add a valuable tool in tuning the secondary and 
tertiary structure of peptides by stereoelectronic effects. 
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Scheme 2.47. Parallel (a) and antiparallel (b) P-sheets are common features in peptide structures. 
The most common secondary structures in peptides are (x-helices, P-sheets, and P- 
turns. These structural elements are important in inducing the three-dimensional 
structure and biological activity of all proteins. P-Sheets consist of peptide strands that 
are knitted together by hydrogen bonding in a parallel or antiparallel manner (Scheme 
2.47). Parallel or antiparallel P-sheets are fundamental structural elements that can be 
8 
recognised in protein structures. In the major histocompatibility complex (MHC) for 
instance, proteins selectively bind the extended P-strand conformation of peptides 
derived from viral, bacterial and endogenous proteins, 9a process which is implicated 
in leukemia, inflammatory, and neurological diseases. 10 Therefore, small molecules 
that mimic P-strands can have important potential applications in medicine as enzyme 
inhibitors and antagonists. Fluorinated analogues of P-strands and (x-helices have 
been prepared and found to form novel secondary structures along with having 
superior metabolic stability-" 
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Scheme 2.48. Synthesis of a P-turn mimetic in which the intramolecular hydrogen bond is replaced by 
an ethylene bridge. 
12 
P-Turns represent frequently encountered structural elements within proteins, where 
they can serve as recognition sites at protein surfaces. In addition, small biologically 
active peptide hormones such as LHRH and somatostatin have been found to adopt P- 
turn conformations. 13 Synthetic P-turn mimetics have been developed in order to 
nucleate P-sheet formation in small peptides and to improve the biomedicinal activity 
of peptides through conformational restriction (Scheme 2.48). Such conformationally 
restricted P-turn mimetics have been synthesised, but most of them have only been 
successful in nucleating P-sheet formation. 
Scheme 2.49. Putative peptide structure derived from 2,3-difl-uorosuccinic acid. The vicinal difluoro 
motif can be introduced stereoselectively, presumably giving rise to 
different secondary structures. 
The synthesis of pseudopeptides, which can reversibly adopt 
P-turn structures, would 
represent a step forward in this area of research. The 
incorporation of two vicinal 
fluorines into a given peptide molecule may induce conformational preferences 
by 
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stereoelectronic effects, which could ensure both conformational reversibility and 
tunability. The synthetic advantage of this approach is obvious. The vicinal difluoro, 
motif can be introduced simply by attachment of amino acids on either side of the 2,3- 
difluorosuccinic acid moiety, rather than to elaborate complex synthetic routes to 
generate fluorinated amino acids stereoselectively (Scheme 2.49). The amino esters of 
the natural amino acids are all commercially available, and coupling of the various 
esters would allow for orthogonal deprotection under basic and acidic conditions, or 
by hydrogenation. 14 The peptide bond can be formed using the EDC/HOBt coupling 
protocol. Coupling of an enantiomeric ally pure amino acid 199 with 2,3- 
difluorosuccinic acid 120 will generate the symmetrical pseudopeptide of general 
structure 200 (Scheme 2.50). 
F 
H02C 
C02H 
F 
EDC/HOBt/DMF 
0% 
Ry C02CH3 
NH3C' 
HF0R 
I 
H3CO2C,,,, N,,, 
Wl"'ýC02CH3 
R0FH 
120 199 200 
Scheme 2.50. Formation of symmetrical fluorinated pseudopeptides of the general structure 200. 
The mechanism of the coupling reaction involves activation of the carboxyl groups 
201 by the carbodiimide reagent 202 to give an 0-acylisourea 203. The formation of 
this intermediate is rapid and leads to peptide 204 either by immediate aminolysis or 
via a symmetrical anhydride 205 (Scheme 2.51). The intermediates 203 and 205 are 
very reactive and may undergo side reactions. Especially the formation of an N- 
acylurea 206 may compete significantly with intramolecular acyl transfer or 
aminolysis, leading to reduced yield and purification problems. This difficulty can be 
avoided in the presence of a suitable (x-nucleophile such as hydroxybenzotriazole 2071, 
which rapidly reacts with the 0-acylisourea 203 before side reactions can 
intervene. 
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The intermediate 208 is still reactive enough to undergo aminolysis, but is less 
reactive towards other nucleophiles avoiding racernisation and other side reactions. 
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R'-NH2 
Scheme 2.51. Currently accepted mechanism for the EDC catalysed peptide bond fornling reaction. 
15 
Starting from pure erythro 2,3-difluorosuccinic acid 130, a series of pseudopeptides 
209-212 were derived from L-an-fino esters of phenylalanine, alanine, valine, and 
leucine (Scheme 2.52). 
F EDC/HOBt/DMF HF0R 
H02C 
J-, 
ýC02H R C02CH3 
H3CO2C N VýC%CH3 
FR0FH 
N H3CI 
130 R= CH3: 209 (22%) 
R= Bn : 210 (57%) 
R= i-Pr: 211 (51 %) 
R= i-Bu: 212 (16%) 
Scheme 2.52. Synthesis of pseudopeptides, 209-212 derived from 2,3-difluorosuccinic acid 
130. 
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These pseudopeptides were investigated by 19F and 1H NMR spectroscopy and their 
analysis is described in Chapter 2.4. The respective threo isomers can be obtained by 
coupling of the same w-nino esters with enantiomerically pure threo 2,3- 
difluorosuccinic acid, the synthesis of which was developed from (R, R)- and (SS)- 
tartaric acids (Chapter 2.3). Furthermore, the coupling of unnatural D-amino acids to 
enantiorneric ally pure 2,3-difluorosuccinic acids gives access to all possible 
stereoisomers of 200. In choosing different natural amino acids, a large variety of 
vicinal difluorinated pseudopeptides is accessible. Coupling of L-phenylalanine with 
2,3-difluorosuccinic acids 120 lead to the three diastereoisomeric structures 214,215!, 
and 216 (Scheme 2.53). 
F EDC/HO, Bt/DMF HF0 
Ph 
01 
H02C 
C02H 
Ph`*"ý 
H3CO2C N 
C02CH3 N C02CH3 
NH3CI Ph 
120 213 2S, 3S. 214 
2R, 3S. - 215 
2R, 3R. 216 
Scheme 2.53. EDC coupling of methyl L-phenylalanine 213 and a mixture of 2,3-difluorosuccinic acid 
120 generates the respective pseudopeptide as a mixture of diastereoisomers 214-216. 
The synthesis and isolation of the different stereoisomers 214-216 derived from the 
mixture 120 was explored. Progress of the reaction was conveniently monitored by 
19F NMR spectroscopy. The reaction proceeded cleanly indicated by the appearance 
of the signals depicted in Table 2.7. Surprisingly, all three diastereoisomers could be 
readily separated by a combination of flash chromatography and preparative TLC. 
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This indicates a significant difference in terms of polarity for the stereoisomers 214- 
216, which is particularly evident between the erythro and threo diastereoisomers. 
Table 2.7. Expanded region of '9F NMR spectra (282 MHz, CDC13) for the diastereoisomers 214,215, 
and 216. The compounds are listed according to their relative polarity from the top to the bottom. 
Ph 
HF0 
meo C 2N 
L 
C02Me 
0FH 
Ph"' 
214 
-207.2 -207.4 -207.6 -207.8 -208.0 -20a. 2 pp. 
Ph 
HF0 
MeO2C Nf 
, 
"" N C02Me Y 
I 
) 
0F H 
Ph 
215 
-19 9.0 -1ý9.5 -2ý0.0 -20 0.5 -2ý1 0 -2ý1.5 -20,2.0 -2L 5 ppm 
i Ph 
HF0 
MeO2C N 
I" 
' 
w 
N C02Me 
I 
J 
Ph 
21 6 
-2ý7.3 -20'7.4 - 2'0'7.5 -2 OV. 6 -2ý7.7 -20'7.8 -20'7.9 -2ý8.0 
pp. 
The threo compounds 214 and 216 have chemically equivalent fluorine nuclei, which 
are however magnetically nonequivalent. This results in a second order 
19F NMR 
spectrum with an AA'XX' spin pattern (Table 2.7). In contrast, the erythro compound 
215 has chemically non-equivalent fluorine nuclei as a result of diastereoisomeric 
interactions with the L-phenylalanine residues. The chemical shifts for the two 
nonequivalent fluorine nuclei are sufficiently different and give rise to resolved 
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resonances. Hence, the coupling pattern is first order and two ordinary ddd pattern are 
observed for each nucleus. The coupling constants for the erythro stereoisomer can be 
extracted directly from the spectrum. Analysis of the spectra for the threo isomers is 
more complex and will be described in chapter 2.5. 
Ph 
HF0 
H02C NN 
f-" 
C02H Y 
Ph 
217 
Ph 
HF 
I 
H02C N 
0 
N C02H 
Ph0FH 
Ph 
HF 
H02C N 
f", 
I"N 
C02H 
I 
Ph 
219 
218 
Scheme 2.54. Dicarboxylic acids 217-219 obtained by acid hydrolysis of the dimethyl esters 214-216. 
Both of the threo isomers 214 and 216 are solids at room temperature, but repeated 
crystallisation of these compounds in various solvent systems did not succeed to give 
crystals suitable for X-ray analysis. The single diastereoisomers of 214 - 216 were 
hydrolysed to give the free dicarboxylic acids 217-219 (Scheme 2.54). Hydrolysis was 
achieved in refluxing diluted hydrochloric acids with acetone as the co-solvent. The 
reactions were monitored by 19F NMR spectroscopy, which indicated a clean reaction 
under these conditions. The erythro compound 218 crystallised in dichloromethane to 
give crystals suitable for X-ray analysis. The solid state structure of 218 shows the C- 
F bonds gauche to each other, consistent with predicted stereoelectronic effects. The 
large phenyl. groups are bent towards each other, thereby causing a deviation of the 
main chain from the zig-zag conformation (Figure 2.24). 
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Figure 2.24. X-ray structure of 218. Selected bond lengths (A) and torsion angles ('): N3-C4 1.349(9), 
C4-04 1.236(8), C4-C5 1.507(9), C5-F5 1.406(7), C5-C6 1.538(9), C6-F6 1.406(7), C6-C7 1.512(9), 
C7-07 1.229(8), and C7-N8 1.345(8); N3-C4-C5-F5 4.8(8), 04-C4-C5-F5 -176.1(6), F5-C5-C6-F6 
75.2(6), F6-C6-C7-07 -178.0(5), and F6-C6-C7-N8 3.4(8). The donor-hydrogen -acceptor distances 
and angles ('): H(260) ... 04 1.89(4) [137(5)], H(260) ... N8 2.11(5) [122(4)], and H(8N) ... F6 2.13 (9) 
112(7)]. 
An interesting feature in the crystal structure of 218 is the anticipated planarity of the 
Oc-fluoro amide groups. This conformation is apparently stabilised over the anti 
structure by stereoelectronic effects, dipole-dipole relaxation and N-H ... F interaction 
(Introduction). There is intramolecular hydrogen bonding between the two opposing 
carboxyl groups that may contribute to stabilising this particular conformation. 
Intermolecular hydrogen bonding apparently occurs between the carboxyl oxygen and 
the carboxyl hydrogens of adjacent molecules. For instance, 023 is bonded to 054-H 
and also to N33-H of an adjacent molecule. Likewise 053 is bonded to N3-H and 
024-H of the next molecule. Although the O-H ... 0 contacts are short, their geometry 
is not particularly linear, perhaps due to additional hydrogen bonding with the amide 
hydrogens. 
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F(36) 
64' N(38) 
n', 
k(33J 
(. --'lU4) ýL 
F(35Pý' 
'566) 0(53) 0(55) 
0(37) 
23) 
0(24) 
Figure 2.25. Crystal packing of 218. Short interatornar distances (A) are given as well as donor- 
hydrogen- acceptor angles [']: H(540). -. 023 1.73(7) [<144(10], H(240)... 0(53)#l 1.69(5) [<157(12)], 
H(33N) ... 0(23)#2 2.12(3) [<157(7)], and H(3N) ... 0(53) 2.161(16) [<172(8)]. 
The conformation in which the two C-F bonds align anti is stereoelectronic ally less 
favoured due to the gauche effect. Also this conformation would cause considerable 
steric strain, considering the planarity of the (x-fluoroamide groups, perhaps 
comparable with 1,3-diaxial repulsion in substituted cyclohexanes. 1 6 There could also 
be a considerable degree of electrostatic repulsion between carbonyl oxygens and 
fluorine atoms in that conformation (Scheme 2.55). 
Ph 
H ----- F I 
H02C N 
N' C02H 
0 P-----H 
H02C 
Scheme 2.55. The extended zig-zag conformation of erythro 218 would lead to a structure in which the 
planes of both (x-fluoroamide groups are parallel, a situation that would result in steric and electrostatic 
repulsion between the fluorine and the carbonyl oxygen atoms in each motif 
(boxed). 
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The conformation of the molecule is determined by a complex combination of steric, 
electrostatic, stereoelectronic effects and hydrogen bonding. The threo compound 219 
crystallised from dichloromethane adopts a solid state conformation in which the C-F 
bonds align gauche to each other (Figure 2.26). 
C(23) 
0(261 
O( 
VI ýJ) 4, t C(21) 
C(20) 
Figure 2.26. X-ray derived structure of 211. Selected bond lengths (A) and torsion angles ('): N3-C4 
1.338(7), C4-04 1.214(7), C4-C5 1.512(9), C5-F5 1.397(7), C5-C6 1.495(10), C7-07 1.220(7), C7-N8 
-12.2(8); N3-C4-C5-F5 -23.8(8), 04-C4-05-F5 155.4(6), F5-C5-C6-F6 49.0(6), C4-C5-C6-C7 
163.1(5), F6-C6-C7-07 165.6(6), F6-C6-C7-N8 -12.2(8); H(8N) ... F6 2.23(7) [<105(5)]. 
This is not surprising as this conformation is stabilised by the gauche effect, and also, 
the extended carbon scaffold experiences minimised steric clash within the molecule. 
The gauche conformation of the C-F bonds and the planarity of the a-fluoro amide 
moieties is obvious. The carbonyl groups both point away from the C-F bonds and 
align anti periplanar to each other. This conformation is favourable due to 
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stereoelectronic effects, dipole-dipole compensation, and hydrogen bonding. The N- 
H ... F distance of 2.23 A is well within the Van der Waals radius of the two atoms 
thereby supporting the existence of genuine fluorine-hydrogen bonding, an effect that 
is lively discussed in the literature (Introduction). Within the unit cell, the molecules 
are held together in the horizontal direction by strong intermolecular hydrogen 
bonding between the terminal carboxyl groups (Figure 2.27). 
Figure 2.27. The crystal packing of 219 as viewed along the c-axis. Short O-H ... 0 contacts are 
illustrated by dashed lines. Interatomic distances (A) as well as the donor-hydrogen-acceptor angles [']: 
H(240) ... 025#2 1.70(3), [<170(13)]; H(260) ... 023#3 1.98(10), [126(9); HQN) ... 04#1 1.84(2), 
[<158(5)]; H(8N) ... 07#12.01, [<144(6). 
The individual molecules alternate constantly throughout the crystal packing to form 
V shaped chains that are interconnected by hydrogen bonds in the vertical direction. 
The image in Figure 2.27 highlights the unusual conformation that the 2,3- 
difluorosuccinamide core adopts. Remarkably, both of the carbonyl oxygen's point to 
one side of the molecule whereas the fluorine atoms point to the other side. The main 
chain is extended with both terminal carboxyl groups outstretched in opposite 
directions. 
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R02C ", rý Nf C02R 
68% 
Ph 
220 221: R= CH3 
222: R=H 
Scheme 2.56. Synthesis of the pseudopeptide 221 derived from succinic acid 220 and L-phenylalanine 
213. The reaction affords a single stereoisomer, which was hydrolysed under acidic conditions to give 
the dicarboxylic acid 222. 
In order to compare solid state structures between the pseudopeptides derived from 
2,3-difluorosuccinic acid, the non-fluorinated analogue 222 was synthesized. The 
compound was obtained by reaction of succinic acid with L-phenylalanine methyl 
ester using the EDC/HOBt coupling protocol (Scheme 2.56). The diamide 221 was 
purified by chromatography. Hydrolysis of 221 was accomplished under acidic 
conditions according to the procedure for the synthesis of 217-219. Recrystallisation 
in chloroform afforded crystals suitable for X-ray analysis (Figure 2.28). 
0(4 
0(2) 
CM 1 C(6) C(2) CM 
0(10) COO) 
NO 
C(4) C(5) NO C(9) 
0(l) C(ii) 
(12) C(18) 
C(17) C(24) C(19), -- 
C(13) 
C(14) 
C(23) C(21) 
C(22) 
C(16) 
C(15) 
Figure 2.28. X-raY derived structure of 222. Selected bond lengths (A) and torsion angles ('): N3-C4 
1.338(5), C4-C5 1.524(5), C5-C2 1.547(5), C6-C7 1.507(5), C7-07 1.248(4), C7-N8 1.336(5); C2-N3- 
C4-C5 178.5(2), N3-C4-C5-C6 -111.4(3), C4-C5-C6-C7 179.3(3), C5-C6-C7-N8 89.9(4), C6-C7-N8- 
C9 177.9(3). 
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In the X-ray structure of 222, the main chain adopts an extended zig-zag conformation 
which is somewhat twisted around the amide bonds. This allows the carbonyl bonds 
to align synclinal to the adjacent SP3 hybridised centres, and unlike those of structures 
218 and 219, they are not eclipsed. Also, the carbonyl oxygen atoms point in opposite 
directions, which is in contrast to structure 219. The crystal packing of 222 is 
dominated by hydrogen bonding of the amide hydrogens and carboxyl hydrogen with 
the carbonyl oxygen atoms in the structure. The obvious structural difference of 222 
compared to its fluorinated counterparts suggests that the vicinal difluoro motif is 
influencing the pseudopeptide conformation by stereoelectronic effects. 
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Scheme 2.57. Synthesis of the larger peptide structures via hydrolysis and peptide coupling sequences. 
Changing the molecular conformation can have dramatic effects on the secondary and 
eventually on the tertiary structure of peptides in general. In order to investigate this 
effect the synthesis of larger peptide structures was envisaged. The most obvious 
approach to access extended peptide structures follows a hydrolysis and coupling 
sequence from the pseudopeptide esters 214-216 (Scheme 
2.57). The reaction was 
carried out under the standard reaction conditions after 
hydrolysis of the erythro 
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compound 215 in a mixture of dilute hydrochloric acid and acetone. EDC coupling 
afforded the symmetrical tetrapeptide 224. Separation of the stereoisomers 214-216 
was clearly of major importance to isolate 224 as enantiomerically pure material. 
R' 0HF0RH 
N" N.,. C02Me 
Me02C N*' 
HR0FH0 
225 
F 
H02CJ-Iý 
C02H 
F 130 
000 
NH NH 
meo--' 
P+ 
Ho , 
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Me02C N 
3CI 
H 
R' RR 
228 227 226 
Scheme 2.58. Convergent approach for the synthesis of larger peptide structures 225. The peptide 
substituents 226 are assembled by coupling of the protected peptides 227 and 228 prior to attachment to 
the vicinal difluoro succinic acid motif 130. 
Theoretically, a more efficient strategy for accessing larger peptide structures involves 
the use of peptides that are already assembled prior to coupling to the 2,3- 
difluorosuccinic acid core (Scheme 2.58). This convergent approach would permit the 
crucial coupling step to be carried out at the latest stage, without having to perform 
multiple purification steps. Also, the method would allow for application of solid 
phase peptide synthesis for the assembly of the terminal substituents. 
17 
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The synthesis of the individual peptide chains can also be achieved economically and 
efficiently using an ethyl chloroformate coupling. 18 The method is known to prevent 
from side reactions and racernisation. Using this methodology, the dipeptide 230 was 
formed in excellent yield and stereoselectivity (Scheme 2.59). 
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Scheme 2.59. Synthesis of the tripeptide Phe-Ala-Val 233 for use in the synthesis of larger 
pseudopeptide structures. 
The ethyl chloroformate method is a somewhat conventional, but nevertheless 
effective and frequently applied strategy for the coupling of amino acids. The reaction 
proceeds via ac arboxylic -carbonic anhydride 236, which is 
formed after nucleophilic 
attack of the carboxylic acid 234 with ethyl chloroformate 235 (Scheme 2.60). The 
mixed anhydride 236 subsequently undergoes aminolysis to form the peptide 237. 
Two oxygen atoms flank one of the carbonyl groups of the intermediate 236, which 
reduces its activity relative to the other carbonyl group. Therefore nucleophilic attack 
of the amine is regiospecific and urethanes are not usually 
formed. 
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Scheme 2.60. Mechanism of ethyl chloroformate peptide coupling which proceeds via carboxyli- 
carbonic anhydride intermediate 236. 
Deprotection of the amino group was initially carried with trifluoroacetic acid. 19 The 
deprotection was efficient but problems in the subsequent coupling step occurred. 
Therefore the application of acetyl chloride and methanol for this transformation was 
investigated. Reaction of acetyl chloride with methanol generates anhydrous 
hydrochloric acid, which removes the Boc-group effectively and gives rise to the 
ammonium chloride salt of these oligopeptides. 
OH 
NHBoc 
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0 Ethyl chloiroformate 0 
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Scheme 2.61. Synthesis of the dipeptide Val-Leu using the ethyl chloroformate coupling procedure. 
The peptide 240 was synthesised as a building block for the formation of larger 
peptide substituents such as 233 (Scheme 2.61). Initial attempts to attach such 
larger 
peptides by the standard EDC protocol however proved to be rather unsuccessful. 
For 
instance, reaction of the tripeptide 233 to erythro 2,3-difluorosuccinic acid 
130 using 
the EDCI/HOBt nuxture failed even after addition of excess N-methylmorpholine and 
EDC. 
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2.3 Stereoselective synthesis of 2,3-difluorosuccinates 
The stereoselective synthesis of difluorosuccinates has been achieved by Burmakov et al. 1 
Treatment of (R, R)-tartaric acid with sulfur tetrafluoride led to a complex product mixture 
containing erythro 2,3-difluorosuccinic acid. The reaction was most successful using the 
esters of 2,3-difluorosuccinic acid. Treatment of dimethyl (2R, 3S) tartrate 241 with sulphur 
fia 
Letrafluoride led to the formation of dimethyl (2R, 3S)-2,3-difluorosuccinate 249 in the 
presence of catalytic amounts of hydrogen fluoride. The stereochemical outcome of the 
reaction is rather unexpected, and a mechanism for the reaction has been proposed (Scheme 
2.62). 
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Scheme 2.62. Stereoselective synthesis of dimethyl 2,3-difluorosucciD ate 249 using SF4 and catalytic amounts 
of hydrogen fluoride. 
The reaction presumably involves formation of a fluorohydrin 246 after initial generation of a 
fluorosulfite 245. Only traces of the difluoro compound 249 were obtained after treatment 
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with SF4at ambient temperatures, and the fluorohydrin 246 is the main product. The presence 
of hydrogen fluoride however changes the course of the reaction significantly. Presumably the 
intennediate fluorosulfite 245 is cleaved in the presence of HF to generate the fluorohydrin 
246, which further reacts with excess SF4 in a second fluorination step. The second 
fluorination apparently proceeds with retention of configuration at the C2 carbon atom, which 
may be rationalised by an intramolecular nucleophilic substitution. The fluorination of 
fluorohydrin 246 eventually results in formation of erythro (2R, 3S)-2,3-difluorosuccinate 
which proceeds in a highly stereospecific manner. Although the method yields the vicinal 
difluoro compounds in good yields, the reaction involves highly noxious chemicals such as 
SF4 and HF, which renders the process unsuitable for laboratory applications. For instance,, 
sulfur tetrafluoride is a gas with toxicity comparable to that of phosgene, and its handling 
requires extensive safety precautions. This is even more so the case for hydrogen fluoride, a 
low boiling liquid (bp. 19 'C) of extraordinary toxicity and corrosiveness. HF is a highly 
hazardous substance to the living organism as it penetrates tissue rapidly to cause severe 
bums that are extraordinary painful and difficult to heal. Moreover, the handling of HF 
requires special laboratory equipment as it etches glassware and in contact with moisture even 
causes corrosion of steel. In the first instance, the application of alkylaminosulfur trifluorides 
250-252 was envisaged as a safe alternative to SF4and HF (Scheme 2.63). 
Me0 1, OMe c03 
NNN 
111 
SF3 "5 ý- 3 %"5 ý- 3 
250 251 252 
Scheme 2.63. Bis-(methoxyethyl)-aminosulfur trifluoride (BAST) 250, diethylaminosulfur trifluoride (DAST) 
251, and N-morpholinosulfur trifluofide (MOST) 252 are nucleophilic 
fluorinating reagents that can safely be 
used in the laboratory. 
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Alkylaminosulfur trifluorides are reagents that can be employed safely and conveniently on 
laboratory scale to achieve nucleophilic fluorination. 2 The most popular of this class of 
reagents is DAST, which can be used for the direct conversion of primary, secondary, and 
tertiary alcohols into their respective fluoroorganic compounds. 3A wide variety of functional 
groups such as esters, amides, and certain silyl protecting groups are tolerated which makes 
the reagent a valuable tool for the selective synthesis of fluoroorganic compounds under mild 
reaction conditions. The reaction of DAST with an alcohol proceeds stereospecifically with 
inversion of configuration. However, retention of configuration can occur when nucleophilic 
functional groups are present as a result of double inversion. Also,, in some cases rearranged 
products will be obtained, a tendency, which is of synthetic importance in certain cases such 
as for the synthesis of (x-fluoro-p-amino acids (Scheme 2.64). 
OH BnBr/ OH NB% H2, Pd/C UH2 
NaOH CO2lBn DAST Co Bn MeOH 
. 
C02H IN- R2R '-. 
C02Bn 
41-43% 60-90% 
NH2 NBn2 F 
253 R=H, Me 254 255 256 
Scheme 2.64. Synthesis of (x-fluoro- P -amino acids according to the method developed by Seebach et al. 
4 
An alternative strategy for nucleophilic fluorination is the conversion of an alcohol into a 
leaving group followed bySN2 reaction with fluoride ion. Fluorination can be achieved with 
inorganic fluoride salts such as potassium fluoride. The solubility of KF in organic solvents is 
low, even for the most polar solvents DMF or DMSO. Efficiency and rate of the reaction can 
be greatly improved by addition of phase transfer catalysts (PTC) such as quaternary 
ammonium and phosphonium salts, or crown ethers. A popular example is N- 
tetrabutylammonium fluoride (TBAF), which is a common reagent for nucleophilic 
fluorination in the laboratory. Due to its low cost, TBAF is usually employed in equimolar 
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amounts to achieve rapid fluorination of mesylates or triflates. The reaction can go to 
completion within minutes, which has been exploited for the synthesis of radioactive labelled 
5 
rediopharmaceuticals. 
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Scheme 2.65. Attempted direct nucleophific fluorination of (R, R) tartrate via its mesylate 258 using DAST. 
After initial attempts to achieve direct fluorination of the tartrate 84 with DAST failed, an 
attempt was made to access the 2,3-difluorosuccinates 260 from the coffesponding dimesylate 
258 by action of TBAF. Conversion of both hydroxyl groups of the tartrate 84 was achieved 
by treatment with mesyl chloride in pyridine (Scheme 2.65). Fluorination of the dimesylate 
258 with TBAF however did not yield the desired difluorinated compound. The major product 
was diethyl oxalacetate 261 identified by means of 'H-NMR spectroscopy and GC-MS 
analysis. This product may have formed during the aqueous work up from methanesulfonyl- 
enolester 259, an intermediate that arises from deprotonation by strongly basic fluoride ion. 
The preference for the dimesylate to undergo elimination over substitution has also been 
reported by Seebach et al. for attempts to synthesise 2,3-diaminosuccinates. 6 
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An alternative method for the synthesis of vicinal difluoro compounds involves the formation 
of epoxides as intermediates. The ring opening reaction of epoxides with fluoride generally 
proceeds in a highly stereospecific manner. The Sharpless asymmetric epoxidation, 7 and the 
Jacobsen/Katsuki epoxidation 8 on the other hand represent methods for the stereoselective 
epoxidation of allylic and also unfunctionalised alkenes, and therefore chiral fluoroorganic 
compounds are accessible. The introduction of fluorine and nucleophilic cleavage of epoxides 
can be achieved with alkylaminosulfur trifluorides 250-252. However, the reaction often 
results in poor yields due to rearrangements frequently giving mixtures of vicinal and geminal 
difluoro compounds which are difficult to separate. 9 
3HF/NEt3, OH DAST, DCM, py F 
0 
3h, 150"C C5Hjj -500C - RT, 16h C5Hjj 
C5H, ýOoeýC5H, j 81% 
b. C5Hjj --IY 
61% 
--'b' C5Hjj -Iýy 
262 F 263 F 264 
3,5-dinitrobenzoic acid, 72% 
DEAD, PPh3, THF, RT 
3H F/N Et3, OH DAST, DCM, py F 
0 
-500C - RT, 16h 
.,,, 
\C5H, l 3h, 1500C 
' C5H, 
C5Hjj 
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---4" C5Hjj 
C5Hjj 
C5Hjj 82% 1FF 
265 266 267 
Scheme 2.66. Schlosser's synthesis of vicinal difluoroalkanes 264 and 267 involves diastereoselective ring- 
opening of epoxides with hydrogen fluoride triethylamine complex. 
10 
Alternatively, vicinal difluoro compounds can be prepared by ring opening of epoxides with 
the much less expensive, readily available pyridinium polyhydrogen 
fluoride PPHF or related 
amine-hydrogen fluoride complexes. 
" This methodology has been used successfully for the 
stereocontrolled synthesis of vicinal difluoroalkanes by Schlosser et 
A (Scheme 2.66). The 
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method represents a straightforward synthetic route to access diasteromeric ally pure vicinal 
difluoro compounds 264 and 267. Fluorination of the epoxides with hydrogen fluoride 
triethylamine complex afforded the threo and erythro fluorohydrins 263 and 266 in a 
stereoselective manner. Conversion of the resulting hydroxyl group was accomplished using 
DAST. The epoxides 262 and 265 can be synthesised selectively from their respective cis- 
and trans alkenes, which in turn can be obtained by means of a Wittig reaction. The major 
advantage of using epoxides for the introduction of fluorine is that the reaction proceeds with 
inversion of configuration at the carbon-oxygen bond. 
OH F 
0 PPHF F, 
ý, 
ý + HO -ý"ýOBn 
>--'ýOBn 
b. OBn 
68% 
268 269 1: 4 ratio of regioisomers 270 
Scheme 2.67. Influence of the base in the hydrogen fluoride complex on regioselectivity of epoxide opening. 
Pyridinium. polyhydrogen fluoride (PPHF), also called Olah's reagent, represents a "tamed" 
fonn of hydrogen fluoride in which hazardous hydrogen fluoride is complexed with pyridine. 
This generates a stable liquid that can be safely handled in the laboratory, although its 
application is restricted to plastic or stainless steel equipment. The reagent is especially 
effective for the fluorination of epoxides to generate fluorohydrins in a stereoselective 
manner. Regioselectivity can be tuned by choice of the amine that is used in combination with 
hydrogen fluoride. 12 Pyridine for instance is considerable less basic than triethylamine or 
diisopropylarnine and will therefore increase the relative acidity of the reagent. Aprotic 
solvents such as dichloromethane and ethers that are inert towards the reagent are typically 
used in combination with the reagent. 
' 3 Hence, the ring opening reaction preferentially yields 
the products arising from a more stable carbocation intermediate (Scheme 2.67). 
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The electronic nature of the oxirane substituents is less important for the more basic reagents, 
and a shift of regioselectivity to the sterically more accessible site of the oxirane ring is 
iy ., enerally observed 
(Scheme 2.68). 
OH F 
ýPr2NH/HF FL_, HO 
OBn OBn -"ýOBn 
268 81% 269 6: 1 ratio of regioisomers 270 
Scheme 2.68. Regioselectivity of epoxide ring opening with hydrogen fluoride/diisopropylamine complex. 
Under acidic conditions caused by PPHF, the ring opening of epoxides proceeds via a 
borderlineSNlmechanism, in which the transition state presumably possesses substantialSO 
character. 14 The reaction occurs through the initial formation of an epoxonium ion 271, which 
may be in equilibrium with two secondary (x-hydroxycarbenium ions 272 and 273. The 
stability of the (x-hydroxycarbenium ions strongly influences the regioselectivity of the 
reaction. Carboxylate, amide, and cyano groups have been reported to prevent stretching of a 
contiguous C-0 bond, thereby directing nucleophilic attack to the P-carbon. 15 Hence, 
fluorination will preferentially occur at the site where a positive partial charge can be more 
readily established (Scheme 2.69). 
FH Ilý 
,'-1, 
ý, 
ý 
R EWG 
272 
H 
0 
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271 H 
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Scheme 2.69. Proposed mechanism for the fluorination of epoxides with PPHF. The electron-withdrawing group 
(EWG) will direct fluoride attack to the P-carbon. 
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The synthesis of diethyl 2,3-difluorosuccinate 260 was envisaged via ring opening of epoxide 
276 with PPHF. The generation of the epoxide 276 is difficult to achieve directly from 
_r_ - tumaric and maleic acids due to the electron-deficient character of these double bonds. The 
reaction has been achieved in moderate yield using lithium t-butyl hydroperoxide, 16 and also 
with a tungsten catalyst. 17 An alternative method for the generation of the epoxide 
intermediate involves the generation of a bromohydrin, which can be obtained from the 
respective tartrates. Accordingly, diethyl (R, R)-tartrate 77 was reacted with bromine in acetic 
acid which yielded diethyl 2-bromo-3-acetoxysuccinate 274 (Scheme 2.70). 
OH HBr (45wt%), OR NaOEt, 
AcOH, RT EtOH, RT IA Et02C , oýC02Et ---- EtO2C --ýC02Et Et02C -ZýýCO2Et 75% 91% ZZ OH är 
257 276 
HBr (45wt%), C 
274: R= Ac 
EtOH, reflux 
88% 275: R=H 
Scheme 2.70. Synthesis of diethyl trans-epoxysuccinate 276 as reported by Crout et al. 18 
Spectroscopic and physical data for the epoxide 276 thus obtained matched those previously 
published. 19 The geometry of the epoxide allows for nucleophilic attack of fluoride ion from 
either side of the molecule to generate a fluorohydrin in a stereoselective manner. Treatment 
of epoxide 276 with PPHF (Olah's reagent) generated the fluorohydrin 277 in moderate yield 
(Scheme 2.7 1). 
, X\9 
PPHF(neat) 
Et02C , "^ýýC02D 
80 OC, 24 h- 
10-20% 
276 
OH 
Et02C 
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Scheme 2.71. Synthesis of diethyl (2R, 3S)-2-fluoro-3-hydroxysuccinate 277 via epoxide cleavage with PPHF. 
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Long reaction time and elevated temperatures were required to initiate the ring opening 
reaction. The low yield of 277 indicated side reactions such as decarboxylation and fluoride 
elimination. Moreover due to the aggressive nature of the reagent special teflon equipment 
had to be used and the reaction was eventually abandoned. Considering the formation of a 
carbocation-like transition state 272 in the reaction of PPHF, the poor reactivity of the 
epoxysuccinate 276 may be rationalised in terms of the strong electron-withdrawing character 
of the oc-ester groups. As the parent epoxide possesses ester groups on either site, the ring 
opening reaction with PPHF is only sluggish and generates the fluorohydrin only in moderate 
yield. 
dioxathiolane: n=I 
dioxathiane: n=2 
dioxathiepane: n=3 
1,3,2 -dioxathiolane-2,2 -dioxide: "Cyclic Sulfate" 
Scheme 2.72. Cyclic sulfates of various ring size derived from aliphatic diols and their fUPAC nomenclature. 
Cyclic sulfates are useful intermediates in organic synthesis offering the same advantages 
such as reactivity to a wide range of nucleophiles and good accessibility as epoxides. They are 
particularly useful for the synthesis of aziridines, oxiranes, cyclopropanes, tetrathiofulvalenes, 
phospholanes, and for deoxygenation reactions. 20 The most common cyclic sulfates are the 5, 
6 and 7 membered heterocyclic compounds of the general structure shown in Scheme 2.72. 
The conversion of a vicinal diol into a cyclic sulfate allows for the stereospecific introduction 
of a wide range of nucleophiles. Even weak nucleophiles such as carboxylates and fluoride 
ion are readily introduced into the molecule. The high reactivity of cyclic sulfates has been 
rationalised. in terms of ring strain and partial double bond character between the ring oxygen 
atoms and the sulfur atom. 
21 
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The reaction of a nucleophile, with the cyclic sulfate 278 leads to cleavage of a carbon oxygen 
bond to generate a monoalkylsulfate 279. The nucleophilic attack proceeds with highSN2 
character to give 279 as a single stereoisomer (Scheme 2.73). 
0 // 
ý\ 
0 
n'C15H31 C02Et 
278 
Nu- 
OS03- 
H2S04/Et20 
rýCl5H31 
)ýC02Et 
-»- 
Z 63-92% ýu 
279 
OH 
jýC02Et fý-CI5H31 
Nu 
280 
Scheme 2.73. The cyclic sulfate 278 is very reactive towards a wide range of nucleophiles (Nu: H-, N3-, PhCO2-, 
SCN-, F). The resulting monoalkylsulfate 279 is typically hydrolysed under acidic conditions. 
Not only is the stereoselectivity of the process high, but also the regioselectivity can be 
controlled in most cases. Cleavage of compound 278 proceeds exclusively from the side of 
the heterocycle, which is activated by the adjacent ester group. This tendency is in contrast to 
the regioselectivity observed for the cleavage of epoxides under acidic conditions, and thus 
these methods represent valuable tools to direct the introduction of functional groups 
from 
one specific side of the molecule (Scheme 2.69). 
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Scheme 2.74. Regioselectivity in the nucleophilic nng opening of dioxothiolanes 
281 and 283 . 
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Steric effects will also control the regioselectivity of the nucleophilic attack. For instance, one 
side of the dioxathiolane 281 is blocked by a bulky substituent, and as a result, nucleophilic 
attack of the organolithium reagent occurs from the sterically more accessible side of the 
molecule. In cases where the molecule is influenced by both steric and electronic effects, 
product mixtures may be obtained. For instance, cyclic sulfates derived from oc, p-dihydroxy 
esters undergo cleavage from both sides, with nucleophilic attack dominating at the (x- 
position of the ester due to the electron-withdrawing nature of the substituent (Scheme 2.74). 
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Scheme 2.75. Dioxad-iiolanes 288 are most commonly generated from vicinal diols 286 by reaction with thionyl 
chloride followed by oxidation. 
23 
The preparation of cyclic sulfates is especially straightforward from 1,2-diols, compounds 
that are readily accessible from alkenes usingOS04, Ru04, or KMn07 oxidations. The 
preparation of dioxothiolanes from 1,2-diols 286 typically involves the generation of a cyclic 
sulfite 287 by reaction with thionyl chloride. The intermediate sulfite 287 is oxidised after 
isolation or without further purification to generate the cyclic sulfate 288. A one-pot 
procedure for the synthesis of cyclic sulfates from 1,2-diols employing catalytical amounts of 
ruthenium trichloride has been developed in the Sharpless group (Scheme 2.75). 
The Sharpless asymmetric dihydroxylation facilitates the synthesis of vicinal diols in a 
stereoselective manner and has been elaborated in order to increase the usefulness of the 
asymmetric dihydroxylation methodology. 24 
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The catalytic oxidation approach developed by Sharpless et A obviously excludes 
compounds with functional groups that are prone to oxidation (e. g., alkenes, amines, and 
alcohols). In these cases, alternative synthetic methods are required and some of them are 
illustrated in Scheme 2.76. 
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Scheme 2.76. Alternative methods to generate cyclic sulfates involve the use of sulfuryl chloride (top), 
25 
26 27 fluorosulfonic acid (middle), or sulfuric acid (bottom). 
Cyclic sulfates are extraordinary reactive towards nucleophilic attack and therefore the ideal 
substrates for the introduction of fluorine into organic molecules. Fluorination is generally 
more problematic than other nucleophilic substitutions, mainly due to the high solvation 
energy of fluoride ion which renders it a weak nucleophile. On the other hand the inherent 
basicity of fluoride ion often represents a problem, which favours elimination rather than 
substitution. Application of 1,2-cyclic sulfate chemistry has proved immensely useful for the 
stereo- and regioselective introduction of fluoride ion to generate vicinal trifluoroalkanes. The 
combination of cyclic sulfate chemistry and Sharpless asymmetric epoxidation led to the 
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stereoselective formation of diastereoisomers. " Generation of the cyclic sulfate of (R, R)- 
diethyl tartrate allowed the introduction of fluoride ion into the molecule. The cyclic sulfate 
was obtained according to a modified literature procedure starting from diethyl tartrate 84 
(Scheme 2.77). 
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Scheme 2.77. Synthesis of the dioxothiolane derived from diethyl (R, R)-tartrate 84. The use of catalytic amounts 
of DMF leads to complete conversion of the starting material. The oxidation of 296 can be carried out 
29 
conveniently in the same reaction medium as a one-pot reaction. 
Initially, reaction of the diethyl tartrate with thionyl chloride was slow and did not go to 
completion, even with an excess of reagent at elevated temperatures. Addition of pyridine 
resulted in a fast conversion of the starting material, but this necessitates the isolation of the 
intermediate sulfite 296 before the oxidation can be carried out. As the addition of catalytic 
amounts of DMF has been used to catalyse the reaction of carboxylic acids with acid 
chlorides, 30 the use of dimethy1formarnide to catalyse the reaction was explored. It was 
found 
that DMF did indeed accelerate the reaction between thionyl chloride and the tartrate 84, and 
the synthesis of the sulfite 296 could be carried out at ambient temperature only with catalytic 
amounts of DMF. The oxidation of 296 was performed in a two-phase system according to a 
literature procedure. 31 When a homogeneous solution of water in acetonitrile was used, the 
yield of the reaction dropped significantly. Presumably the sulfate 
297, which is very reactive, 
undergoes hydrolysis in the aqueous medium, and the resulting anion 
is lost during aqueous 
work up. 
137 
Chapter 2 Results and Discussion 
The enantiorneric structure 300 derived from diethyl (S, S)-tartrate 298 is readily accessible 
using the aforementioned procedure (Scheme 2.78). In analogy to 297 its enantiomer 300 
undergoes cleavage on reaction with a nucleophile to yield a single stereoisomer with the 
opposite absolute configuration that can be obtained from 297. The method has also been 
used to prepare the meso compound 312, starting from diethyl (R, S) tartrate 311 (Scheme 
2.83). 
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Scheme 2.78. Synthesis of the dioxothiolane 300 derived from diethyl (S, S)-tartrate 298. The oxidation of 299 
was carried out in a one-pot reaction. 
The cyclic sulfate 297 was conveniently purified by recrystallisation to give the product as 
large colourless crystals, which proved to be stable over a period of more than three years 
(Figure 2.29). 
Figure 2.29. Crystals of the cyclic sulfates 297 derived from diethyl (R, R)-tartrate (left), and 312 derived 
from 
diethyl (RS)-tartrate 311 (right). 
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Both stereoisomers were amenable to X-ray crystallography. Compound 297 shows a solid 
state conformation in which the large R groups adopt axial positions, pointing away from 
each other. This is rather surprising as transannular ring strain is minimised when the largest 
substituents adopt equatorial positions (Figure 2.30). 
Figure 2.30. X-ray structures of the dioxathiolane 297. The left hand structure illustrates the confornation of the 
5-membered ring, whereas the right hand structure shows the conformation of the main chain. Selected bond 
lengths (A), bond and torsion angles ('): 01-S2 1.579(2), S2-03 1.51(2), 03-C4 1.441(4), C4-C5 1.543(4), C5- 
01 1.444(4), S2-022 1.416(2), S2-021 1.422(3); 01-S2-03 97.68(12), S2-03-C4 112.40(19), 03-C4-C5 
104.6(3), C4-C5-01 103.4(3), C5-01-S2 111.3(2); C5-01-S2-03 -16.9(2), 01-S2-03-C4 -4.8(2), S2-03-C4-C5 
22.8(3), S2-01-C5-C4 30.8(3), 03-C4-C5-01 -32.2(3). 
The heterocyclic ring appears to adopt a twisted envelope conformation presumably in order 
to reduce ring strain. The 0(l)-S(2) and 0(3)-S(2) bond lengths of 1.571 and 1.579 
respectively are significantly shorter than typical sulfur-oxygen single bonds. This supports 
the theory of partial double bond character of the intra-annular oxygen-sulfur bond, used to 
explain the high reactivity of the adjacent carbon atoms towards nucleophilic substitution. The 
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cyclic sulfate derived from (R, S)-tartaric acid 312 shows similar behaviour in its solid state 
structure (Figure 2.3 1). The heterocycle again adopts a twisted envelope conformation in 
order to reduce ring strain. By contrast, the large substituents are equatorial in one case and 
axial in the other, due to the relative configuration of the molecule. The compound was 
synthesised according to the aforementioned procedure. 
Figure 2.31. X-ray structures of the dioxathiolane 312. The left hand structure illustrates the confornation of the 
5-membered ring, whereas the right hand structure shows the conformation of the main chain. Selected bond 
lengths (A), bond and torsion angles ('): 01-C5 1.452(16), 01-S2 1.597(9), S2-022 1.385(11), S2-021 
1.429(10), S2-03 1.619(9), 03-C4 1.474(16), C4-C5 1.598(18); C5-01-S2 111.4(8), 01-S2-03 97.0(5), C4-03- 
S2 110.3(7), 03-C4-C5 104.2(10), 01-C5-C4 99.8(10); C5-01-S2-03 -25.3(12), 01-S2-03-C4 -2.1(10), S2-03- 
C4-C5 25.2(12), S2-0 I -C5-C4 40.4(13), 03-C4-C5-01 -39.3(13). 
The fluorination of 297 was conveniently achieved by treatment with fluoride ion, which can 
be delivered in form of inorganic fluoride salts. Cesium fluoride, as expected from 
consideration of the crystal lattice energies, has the highest reactivity of the alkali-metal 
fluorides according to CsF > RbF > KF >> NaF >> LiF . 
32 Alkaline-earth metal fluorides are 
unsuitable due to their extreme insolubility even in aqueous solutions. CsF was readily used 
for cleavage of the cyclic sulfate and concomitant C-F bond formation even though the 
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solubility of inorganic fluoride salts in organic solvents is generally quite poor. THF, acetone, 
and acetonitrile proved to be suitable solvents for the cleavage of the cyclic sulfate by fluoride 
ion. In the more polar solvents such as acetonitrile even inorganic fluoride ion can be used 
effectively (Scheme 2.79). 
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Scheme 2.79. Introduction of fluorine by reaction of the cyclic sulfate 297 with TBAF to generate the 
fluorohydrin 302 as a single stereoisomer. 
The advantage of using inorganic fluorides is that the fluoride salt, which is used in slight 
exess can conveniently be removed by aqueous work up after hydrolysis of the 
monoalkylsulfate. Due to the inherentC2-symmetry of 297, nucleophilic attack from either 
site of the molecule leads to the same compound. Therefore the fluorohydrin 302 is obtained 
as a single stereoisomer after hydrolysis of the monoalkylsulfate 301. Initially, the hydrolysis 
of 301 was carried out according to the literature procedure in a biphasic reaction medium. 33 
Under these conditions the hydrolysis was slow and only moderate yields of the fluorohydrin 
302 were obtained even after prolonged reaction times. 
Optimisation attempts led to improved reaction conditions for the hydrolysis of 301, using 
only traces of H20 and a catalytic amount of sulfuric acid in a homogenous solution of THE 
Instead of adding I mol equivalent of 
H20,, the use of commercially available undried THF 
was sufficient to initiate the reaction. The hydrolysis could be followed by 
19F-NMR 
spectroscopy, which indicated complete hydrolysis of the monoalkylsulfate under these 
141 
Chapter 2 Results and Discussion 
conditions within minutes. The improved yield in the synthesis of fluorohydrin 302 using the 
homogeneous medium suggests that an excess of water is in fact interfering with hydrolysis of 
the alkylsulfate. Mechanistically, the aforementioned hydrolysis occurs by cleavage of the 
sulphur-oxygen bond under acidic conditions (Scheme 2.80). 
0 
11 H' 
R-0-S-0 
0 
+ 11 - R- 0- 
1 
S- 0 
H 
11 
0 
-SO3 
P. R-OH 
303 304 305 
Scheme 2.80. Proposed mechanism of the hydrolysis of the monoalkylsulfate catalysied by mineral acids. 
Alkylsulfate 303 is hydrolysed to alcohol 305 while retaining the original configuration at the 
stereogenic centre. In that reaction, zwitterion 304 has been suggested as the reactive 
intermediate. 34 The absolute configuration of the product was thus assumed on the basis of an 
SN2 cleavage of the cyclic sulfate, and a retention of configuration upon hydrolysis of the 
monoalkyl sulfate group. The stereochemical course of the reaction was confirmed by X-ray 
analysis of the bis(benzylarnide) 306. The compound was obtained upon heating of 302 with 
benzylamine in diethyl ether (Scheme 2.8 1). 
OH 0 9H 0 
BnNH2/Et20 H 
-, 
ý0 0, 
---, ' reflux, 
24 h Ph N lý , ý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80% H 
0F0F 
302 306 
Scheme 2.81. Synthesis of dibenzyl (2S, 3R)-2-fluoro-3-hydroxysuccinate 306 from diethyl ester 302. 
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The fluorohydrin 302 is stable under the basic conditions generated by the amine and does not 
elirninate hydrogen fluoride in the process. The benzylamide 306 conveniently precipitates on 
cooling and can be filtered off to give the pure product. The X-ray structure of dibenzylamide 
306 shows the molecule in a conformation where the C-F bond is gauche to the C-OH bond 
(Figure 2.32). 
ni. -Ai 
Figure 2.32. X-ray structure of NN-dibenzyl 2-fluoro-3-hydroxysuccinate 306. Selected bond lengths (A), bond 
and torsion angles ('): NI-Cl 1.333(6), CI-01 1.221(7) Cl-C2 1.546(7), C2-F2 1.407(7), C2-C3 1.542(6), C3- 
03 1.396(6), C3-C4 1.520(7), C4-04 1.224(7), C4-N4 1.327(8) A; CI -C2-F2 110.6(4), F2-C2-C3 112.9(4), NI- 
Cl-C2-F2 -1.5(6), 01-Cl-C2-F2 -179.9(4), Cl-C2-C3-C4 85.0(5), 03-C3-C4-04 157.6(4), 03-C3-C4-N4 - 
24.2(6)0 
This conformation is consistent with the "generalised gauche effect' which predicts the two 
most electronegative substituents to align gauche to each other. The gauche conformation of 
the (x-fluorohydroxy moiety in 306 is not surprising as the electronegativity of oxygen is 
second only to fluorine. In addition, the ot-fluoroamide moiety adopts a planar conformation 
in which the C-F bond is anti periplanar to the carbonyl bond and syn planar to the N-H bond. 
This conformation again is consistent with predicted stereoelectronic effects as outlined 
earlier in the introduction. 
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Basic conditions force carbon-oxygen bond cleavage where the sulphate functionality acts as 
a leaving group (Scheme 2.82). 35 The ambident reactivity of the sulfate group has been used 
for the conversion of cyclic sulfates to aziridines. 36 The ambident reactivity of the sulfate 
group appeared to be useful for the introduction of the second fluorine atom simultaneously 
into the succinate moiety. This hypothesis was investigated using excess TBAF under 
otherwise standard reaction conditions. Substitution of the sulfate group with fluoride ion 
could lead to a symmetrical difluoro compound. Such molecules exhibit an AAXX' spin 
system in both the 19F and lH NMR spectra (Chapter 2.4), and therefore, 19F NMR 
spectroscopy was used as a means to follow the course of the reaction. The reaction of 297 
with TBAIF did not afford the desired product even at prolonged reaction time and elevated 
temperatures (Scheme 2.82). 
olzý-s ýýo 
x 'l-N 
0- 0 
Et02C 02Et 
297 
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o- 
TBAF 
7 C02Et 
Et02C -"-y 
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301 
TBAF F 
orPPHF 
Et02C ---Iy 
C02Et 
F 
260 
Scheme 2.82. Attempted synthesis of diethyl 2,3-difluorosuccinate by nucleophilic substitution of the sulfate 
group with TBAF or PPHF. 
Presumably, nucleophilc displacement of the sulfate group is only favoured in intramolecular 
cases with good nucleophiles such as amines. An attempt was made to carry out the reaction 
under acidic conditions using PPHF. These conditions should force protonation of the sulfate 
group rendering it a better leaving group than the ionic form. However, this approach was 
equally unsuccessful. 
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Scheme 2.83. Synthesis of diethyl (R, S)-tartrate 311 and its conversion into the cyclic sulfate 312. 
As diethyl meso tartrate 311 is not commercially available, the compound was synthesised 
from diethyl maleate 310 using the method reported by Crout et al.. 37 Oxidation of the 
electron-deficient alkene was achieved with sodium periodate in the presence of osmium 
tetroxide (Scheme 2.83). The oxidation of diethyl maleate 310 could be scaled up and the 
product purified by recrystallisation. The ruthenium species was applied in catalytic amounts 
only, thus reducing the danger of exposure and minimising toxic heavy metal waste. 
Alternatively, diethyl meso-tartrate was obtained by esterification of (R, S)- tartaric acid in dry 
ethanol in the presence of Dowex-H+ ion exchange resin. Surprisingly, treatment of 
dioxathiolane 312 with fluoride ion suffered from low yield due to the formation of diethyl 
oxaloacetate as a by-product (Scheme 2.84). 
0 
ýs 1-1ý 
0 
0X 'ýý 0 ý-4C02Et 
Et02C 
312 
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acetone, RT OS03- 
ýEt02C ., 
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Scheme 2.84. TBAF treatment of the cyclic sulfate 312 derived from diethyl (R, S) tartrate generated diethyl 
oxalacetate 314 as the major product. 
Oxaloacetate, which emerged as the major product from the reaction, clearly arises 
from 
deprotonation adjacent to the ester group to generate the enolate 
313. This intermediate 
hydrolyses under acidic conditions to give the 
free enolate which tautomerises to form 314. 
H20 0 
10 
Et02C 
)ýýC02D 
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The different reactivity of the two diastereoisomers is quite surprising, but similar examples 
are frequently found in the literature. 38 For instance, fluorination of 4-tert-butyl cyclohexanol 
proceeds more readily when the nucleophilic fluoride ion can approach from an axial position. 
Thus, fluorination of the cis-isomer 316 with morpho-DAST 252 gives the trans isomer 318 
in relatively high yield, compared to its cis isomer 317 (Scheme 2.85). 
F(-D- jHFF 
0- S' N/-ý-\ 
V"/O 
H 315 
37% 
317 318 
Scheme 2.85. Fluorination of the cis and trans 4-tert. -butylcyclohexanol 316 and 315 using morpho-DAST. 
An alternative route to access threo 2-fluoro-3-hydroxysuccinate 319 involves the inversion 
of the stereogenic centre at the hydroxyl group of diethyl fluoromalate. The reaction would 
afford the threo compound 319 in a stereoselective manner, whereas the synthetic route via 
the cyclic sulfate 312 affords threo 2-fluoro-3-hydroxysuccinate 319 only as a racemic 
mixture. The enantioselective synthesis of diethyl 2-fluoromalate 319 was envisaged as the 
compound may exhibit biological activity for enzymes involved in the citric acid cycle. 39 
Inversion of the hydroxyl carbon of (2S, 3R)-2-fluoro-3-hydroxysuccinate 321 was attempted 
via the well-known Mitsunobu inversion methodology. 40 
Fý 
IF 
H 0--S'N"'ý 
H 
H 
H 316 FO 
72% 
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Schlosser et al. have used the Mitsunobu reaction for the epimerisation at the hydroxyl group 
of aliphatic fluorohydrins .4' Attempts were made to apply the conditions to the parent diethyl 
fluoromalate (Scheme 2.86). 
OH 
HCI 
Et02C -, -ly 
C02Et 
F 
319 
F 
N02 
9H 
C02Et 
Et02C 
F 
321 
)2Et , 
PPh3, DEAD 
320 
Scheme 2.86. Attempted synthesis of (2R, 3S)-2-fluoro-3-hydroxysuccinate via Mitsunobu methodology. 
The reaction however did not yield the expected compound 319 and resulted in undentifiable 
product mixtures. Subsequently, attempts were made to access the threo 2-fluoro-3- 
hydroxysuccinate 319 via double inversion at the adjacent stereogenic centre. The 
introduction of weak nucleophiles such as bromine or iodine that can act as a good leaving 
group is feasible due to the extraordinary reactivity of 297 towards nucleophilic attack. 
Consequently, cyclic sulfate 312 was converted into the bromosulfate 322 using TBAB as the 
bromide source (Scheme 2.87). 
ý's TBAB or TBAI 
1. AgF, MeCN 
N-1 
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OS03- 2. H+, H20 0 
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Scheme 2.87. Attempted synthesis of diethyl (2R, 3S)-2-fluoro-3-hydroxysuccinate 319 from cyclic sulfate 
322. 
The cyclic sulfate approach is unique as it affords an 
intennediate in which the hydroxyl 
group is still protected as an alkylsulfate (such as 
301, Scheme 2.79). This protection can be 
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utilised for a second reaction step, as it prevents from neighbouring group participation of the 
hydroxyl group. In the fluorination, this protection is essential, as the basic nature of fluoride 
ion will cause deprotonation of the adjacent hydroxyl group and concomitant intramolecular 
nucleophilic substitution to form an epoxide. 42 Disappointingly, the treatment of the 
bromosulfate 322 with AgF or TBAF did not lead to the desired fluorinated compound. 
Instead, diethyl oxalacetate 314 was formed as the major product in the reaction (Scheme 
2.87). It can be assumed that formation of oxalacetate proceeds in a similar way as described 
in Scheme 2.84. Deprotonation at the P-carbon atom takes place and hydrolysis of the 
intermediate enolsulfate 313 results in formation of the P-ketoester 314. 
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Scheme 2.88. Synthesis of 323 and attempted fluorination with N-tetrabutylammonium fluoride (TBAF). 43 
The conversion of the fluorohydrin into the difluorosuccinate was the next objective in the 
synthesis. A standard methodology for this process involves transformation of the hydroxyl 
group into a leaving group and subsequent treatment with nucleophilic fluorme. 44 TBAF is 
perhaps the most popular reagent in this class, and the reaction with a triflate generally 
proceeds with high SN2 character. Therefore, the synthesis of trifluorosulfonate 323 was 
envisaged and achieved using standard synthetic protocols (Scheme 2.88). The reaction was 
straightforward and the product 323 found to be surprisingly stable towards hydrolysis and 
flash chromatography. However, when the triflate 323 was treated with TBAF the anticipated 
difluorosuccinate 260 was not formed. Instead, two new compounds were observed by 19F 
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NMR spectroscopy, each having doublets with coupling constants of 28.6 Hz and 16.3 Hz 
respectively (Figure 2.35). These signals were assigned to fluorofumarate 325 and 
fluoromaleate 324. Corresponding coupling patterns were observed in the 'H-NMR spectrum. 
The identity of these products was also confirmed by GC-MS analyses as well as by 
comparison with published data. 
45 
-75 -80 -85 -90 -95 -100 -105 -110 PPM 
Figure 2.35. '9F NMR of the crude reaction mixture obtained after fluorination of triflate 323. The two doublets 
at - 107 ppm and - 112 ppm indicate the formation of fluorofurnarate, 325 and fluoromaleate 324 respectively. The 
singlet at -74 ppm denotes a trifluoromethyl group, which is indicative for the starting material 323. 
Integration of the 19F NMR signals of the crude reaction mixture gave a ratio of 2: 1 of 
fluoromaleate 324 to fluorofumarate 325. Clearly, fluoride has acted as a base promoting 
elimination over substitution. The formation of the vinyl fluorides 324 and 325 is rather 
surprising, since deprotonation geminal to the fluorine leads to (x-fluorocarbanions, which are 
destabilised by electronic effects (Scheme 1.2). On the other hand, the trifluorosulfonate 
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group is of much better leaving group ability than the fluoride ion and this appears to be the 
dominating factor rather than the acidity of the protons. Interestingly, not only the anti- 
elimination product fluoromaleate 324 was obtained, but also fluorofumarate 325. This 
suggests that the lifetime of the carbanionic intermediate arising from deprotonation is long 
enough to allow for rotation around the central C-C bond. Rotational isomerism will result in 
formation of the two geometric isomers. The reaction most likely proceeds via a non- 
concerted ElcB mechanism (Scheme 2.89). 
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Scheme 2.89. Formation of vinyl fluorides 324 and 325 by elimination of the triflic acid from compound 323. 
The corresponding mesylate 328 was prepared in order to suppress elimination (Scheme 
2.90). It was anticipated that the reduced leaving group ability of the mesyl group would 
provide more SUltable conditions for an SN2 reaction. Not surprisingly, elimination again 
dominated over substitution. 
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Scheme 2.90. Attemped fluorination of 328 after mesylation of the fluorohydrin 321 with mesyl chloride. 
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in addition to fluoromaleate 324 and fluorofumarate 325, methanesulfonylenol 329 was 
identified as the main product by means of GC-MS and NMR spectroscopy. This compound 
formed as a result of HF loss from the mesylate 328. Another attempt was made to prepare the 
vicinal difluoro compound 260 using tris(dimethylamino) sulfur (trimethylsilyl)difluoride 
(TASF). The reagent offers mild reaction conditions and good solubility in apolar organic 
solvents, providing a "semi-naked" fluoride ion under anhydrous conditions. The reagent has 
46 
been mainly used for the fluorination of triflates, but it has also been used effectively for the 
conversion of epoxides to fluorohydrins. 47 When TASF was reacted with triflate 323 at low 
temperature, diethyl fluorof-umarate 325 and diethyl fluoromaleate 324 were obtained in a 
diasteromeric ratio of 1: 3. 
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Scheme 2.91. Attempted fluorination of the triflate 323 with TASF 
[(CH3)2N3S+ [(CH3)3SiF2]- (TASF). 
Although this approach did not prove to be suitable for the generation of the desired vicinal 
difluoro compound 260 the vinyl fluorides 324 and 325 may be of interest in their own right. 
For instance, maleates and fumarates are known to be excellent substrates for cycloaddition 
reactions. Due to their electron deficient character, vinyl fluorides have been shown to be 
comparatively more reactive in these reactions. 
48 Rearrangement reactions of vinyl fluorides, 
which involve the rehybridisation of fluorinated centres from 
SP2 to SP3 are generally strongly 
accelerated. This has recently been reported for the Claisen rearrangement of fluorinated 
cyclodecenones. 
49 
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Scheme 2.92. Transition state for the nucleophilic substitution of the triflate 321 with fluoride ion. 
The obvious difficulty to achieve a nucleophilic substitution at the carbon centre adjacent to 
the C-F bond of 321 may be rationalised in terms of electronic effects exerted by the 
neighbouring groups. The transition-state of the nucleophilic substitution, which is of 
considerable cationic character, may be difficult to establish due to the electron-deficient 
character of the adjacent C-F bond. The electron-deficient (x-ester may reinforce this effect 
and also, the incoming nucleophile may experience significant electrostatic repulsion by the 
carbon-bonded fluorine (Scheme 2.92). 
OH 0 Oms 0 TBAF, THF H0 MSCVPY 
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Scheme 2.93. Atternped fluorination of the dibenzylamide 306 via its mesylate 332 using TBAF. 
333 
The diamide 306 was anticipated to be more amenable to fluorination due to the less electron- 
deficient nature of both carbonyl groups. The conversion of diamide 306 into its mesylate 332 
was readily achieved with methanesulfonyl chloride. Treatment of the mesylate 332 with 
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TBAF however, again resulted in elimination of methanesulfonic acid to form dibenzyl 
fluorofumaramide 333 as the major product (Scheme 2.93). 
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Scheme 2.94. Synthesis of diethyl 2,3-difluorosuccinate 260 after treatment of fluorohydrin 260 with Deoxo- 
fluorTm reagent at elevated temperatures. 
The breakthrough in the synthesis of 2,3-difluorosuccinate was finally achieved by treating 
diethyl fluoromalate 321 with DeoxofluorTM(Scheme 2.94). Initially, the reaction was carried 
out at ambient temperature using dichloromethane as the solvent. Fast conversion of the 
starting material was observed by means of GC-MS, although the resulting intermediate 
compounds could not be identified. DeoxofluorTm 250 is structurally very similar to DAST 
251 (Scheme 2.63), and it tolerates a wide range of functional groups such as ester and amide 
bonds, butoxycarbonyl and certain silyl protecting groups. 50 Although of quite similar 
reactivity to DAST, the reagent offers higher thermally stability and thus can be employed 
more safely at elevated temperatures and in large-scale applications .51 For 
instance, the higher 
thermal stability of DeoxofluorTm has been used for the conversion of ketones and 
acy1fluorides into difluoro and trifluoromethyl groups. 52,53 The reagent appears to be 
54 
particularly useful for the synthesis of vicinal difluoro compounds. The synthesis of such 
compounds is difficult to achieve due to the deactivating effect of the adjacent carbon fluorine 
bond (Introduction). 
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Figure 2.36. '9F NMR spectrum of the crude product 260 after aqueous work up. The AA'XX' pattern at -207 
indicates the presence of diethyl (R, R)-2,3-difluorosuccinate 260, whereas the doublet at -106 ppm indicates the 
fonnation of diethyl fluorofumarate 325. 
The course of the reaction can conveniently be followed by '9F NMR spectroscopy. 
Presumably, the addition of the reagent results in liberation of one molecular equivalent of 
hydrogen fluoride and formation of an alkoxysulfur intermediate, which gives similarly to the 
starting material rise to a doublet of doublet in the 19F NMR spectrum. There are several 
different species apparent in the GC-MS and 19F NMR spectrum that may arise from 
decomposition or dimerisation of the reagent. The spectrum considerably simplifies after 
acidic hydrolysis or basic wash during work up (Figure 2.36). Although the conversion of the 
hydroxyl group is fast, 19F-NMR spectroscopy indicated formation of the AA'XX' pattern of 
260 at -207 ppm only after prolonged 
heating using excess reagent. Consequently, the 
reaction was performed by heating fluorohydrin 321 in neat DeoxofluorTMwhich resulted in 
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complete conversion of the starting material after several hours. Remarkably, diethyl 
fluoromaleate 324 and diethyl fluorofurnarate 325, indicated by doublets at -100 ppm and - 
140 ppm respectively (Figure 2.36), are formed only in trace amounts. This indicates that 
Deoxofluor effectively suppresses elimination as a side reaction, presumably due to the 
slightly acidic nature of the reagent. Moreover, the absence of a similar AA'XX' signal at - 
202 for the erythro isomer 159 indicates that the reaction is entirely stereospecific. Since the 
erythro and threo diastereoisomers are separated in terms of their chemical shift by a 
surprisingly large 6 ppm, the relative configuration of the product can be unambiguously 
assigned to the threo isomer (Table 2.8). 
Table 2.8. Chemical shifts of several vicinal difluoro compounds in dependence of relative stereochernistry. 
Chemical shift [ppm] 
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NMR and GC-MS data indicate that the conversion of the hydroxyl group of the fluorohydrin 
321 results in the formation of a single stereoisomer 260. This indicates clean inversion of 
configuration according to an SN2 process, as it is typical for all trifluorosulfur alkylamine 
reagents. 55 Retention of configuration is generally only observed when neighbouring groups 
such as oxygen or nitrogen become involved in the reaction. 56 
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Scheme 2.95. Mechanism for the conversion of fluorohydrin 321 with Deoxo-FluorTM. The intermediate 
alkoxysulfur difluoride 334 undergoes nucleophilic substitution with fluoride ion resulting in clean inversion of 
configuration. 
Formation of an intermediate alkoxysulfur difluoride 334 represents the first step in the 
mechanism (Scheme 2.95). This intermediate, which is stable enough to be isolated, has been 
confirmed by chemical and spectroscopic evidence. 57 The aminosulfurdifluoride 335 is a good 
nucleofug, which can undergo displacement by fluoride ion readily. In the intermediate 334, 
the P-fluorine and the (x-ester group clearly deactivate the nucleophilic centre against fluoride 
ion, and thus relatively high temperatures are necessary to facilitate this process. In the 
current transformation, a reaction temperature higher than 80 'C is essential to achieve 
complete conversion. The alkoxysulfur difluoro intermediate 334, which is relatively easily 
TM f formed by action of Deoxo-Fluor rom fluorohydrin 321, is stable at lower temperatures 
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and does not convert at appreciable reaction rate to the difluorinated product. The reaction 
was carried out in neat reagent, but higher boiling solvents such as toluene may also be 
employed successfully. Hydrogen fluoride, formed in situ by reaction of the alcohol 321 with 
the reagent is apparently complexed in the reaction mixture, as etching of the reaction vessel 
and condenser was not observed even at higher temperatures. The aminosulfurdifluoride 335 
displaced in the process may be in equilibrium with the ammonium fluoride 336, which is 
presumably basic enogh to complex liberated hydrogen fluoride. Such co-products are 
eventually quenched during work up with aqueous bicarbonate or dilute NaOH to form the 
sulfonic acid derivative 337. 
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Scheme 2.96. Acidic hydroysis of diethyl 2,3-difluorosuccinate 260 using a mixture of aqueous HCI in acetone. 
Diethyl 2,3-difluorosuccinate 260 is not stable towards basic conditions and was therefore 
hydrolysed with acid to yield the dicarboxylic acid 338 (Scheme 2.96). In contrast, hydrolysis 
of diethyl 2-fluoro-3-hydroxysuccinate was achieved under mild basic conditions using 
lithium hydroxide. The stability of the fluorohydrin 277 to base is remarkable but not 
unexpected, as diethyl 2-fluoro-3-hydroxysuccinamide 321 proved to be stable in the presence 
of primary amines at elevated temperatures (Scheme 2.81). Application of these conditions to 
diethyl 2,3-difluOrosuccinate 260 resulted in rapid elimination of HF (Scheme 2.97). 
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Scheme 2.97. Hydrolysis of diethyl 2-fluoro-3-hydroxusuccinate 321 proceeds under mild basic conditions. 
Recrystallisation of 2-fluoro-3-hydroxysuccinic acid 340 also afforded crystals suitable for X- 
ray structure analysis. Interestingly, the hydroxyl group and the fluorine substituent align 
gauche with respect to each other (Figure 2.37). 
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Figure 2.37. X-ray structure and crystal packing of (2S, 3R)-2-fluoro-3-hydroxysuccinic acid 340. Selected bond 
lengths (A), bond and torsion angles ('): 01 -C 1 1.213(3), 02-C 1 1.313(3), CI -C2 1.507(3), C2T2 1.404(3), 
C2- 
C3 1.522(3), C3-03 1.418(3), C3-C4 1.519(3), C4-04 1.209(3), C4-05 1.312(2), F2-C2-C 1 108.18(17), F2-C2- 
C3 108.34(17), Cl-C2-C3 115.08(18); 01-Cl-C2-F2 10.9(3), 02-Cl-C2-F2 -171.50(16), F2-C2-C3-03 - 
65.6(2), F2-C2-C3-C4 55.3(2). 
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The solid state conformation of 340 resembles that of the difluoro, compound 132 in that the 
two electronegative substituents align gauche to each other, and the C-F bond is syn planar to 
the adjacent carbonyl group (Scheme 2.13). The conformation of 340 is not unexpected and is 
also similar to the solid state structure of dibenzyl 2-fluoro-3-hydroxysuccinate 306 (Figure 
2.33). The gauche arrangement of the fluorohydroxyl moiety appears to arise for 
fluorohydrins as well as for vicinal difluoro compounds. This behaviour is consistent with the 
generalised gauche effect and confirms experimentally the conformational preference 
predicted by ab initio calculations for fluoroalcohols (Introduction). 
The formation of (2S, 3S)-2,3-difluorosuccinic acid 338 offers a synthetic route which can be 
readily scaled and carried out with standard laboratory equipment. The synthesis allows for 
one-pot reactions and purification steps, which conveniently involve only crystallisation 
and/or distillation. Moreover, (2R, 3R)-2,3-difluorosuccinate derived from (2S, 3S) -tartaric acid 
is immediately available using this approach. The scope of this method may extend to a broad 
variety of vicinal difluoroalkanes, a class of compounds, which is generally 
difficult to 
synthesise. 
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2.4 NMR and conformational analysis 
X-ray structure analysis, although undoubtedly a powerful technique in which to 
explore the conformation of organic molecules, is naturally restricted to the solid 
state. Also, intermolecular hydrogen bonding and other crystal packing forces may 
affect the conformation of the individual molecules, making it difficult to establish 
conformational preferences unambiguously. In order to gain information about 
conformational equilibria in solution and in the gas phase, techniques based on 
nuclear magnetic resonance, rotational and infrared spectroscopy, measurement of 
dipole moments, 1 electron diffraction, 2 and ab initio calculations have been used. 
Among these techniques NMR analysis is certainly the most powerful tool, not only 
for structural elucidation, but also for conformational analysis of molecules in 
solution. In the course of this project, a method based on the angular dependence of 
NMR coupling constants was developed in order to establish conformational 
preferences for the vicinal difluoro compounds obtained (Chapter 2.1 and 2.2). 
2.5.1 Coupling constants and conformational analysis 
The angular dependence of the vicinal proton-proton coupling is a well-documented 
3 
fact and led to the guidelines outlined by Karplus. The Karplus equation is most 
conveniently illustrated in the form of a diagram showing that the 
3 JHH coupling 
constant is dependent on the dihedral angle of their coupled nuclei (Figure 
2.38). 
Reliable values for the coupling constants can be obtained for compounds that 
have 
restricted conformational mobility or from compounds where 
individual rotational 
isomers are frozen out at low temperature. 
4 For most acyclic compounds however the 
energy differences between the rotational isomers are too small and the 
freezing point 
of the solvents or lack of solubility can make this experiment 
difficult. 
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5 Figure 2.38. The angular dependence of vicina/JHHcouplings according to the Karplus equation . 
In aliphatic compounds, even at ambient temperatures fast rotation about the central 
C-C bond occurs. Any NMR coupling constant will therefore consist of an average 
value of the coupling constants for the individual rotational isomers (Scheme 2.103). 6 
If the exact values for Jtran, and Jgauche are known, the angular dependence of the 
coupling constants can be used to estimate conformational equilibria. 7 This is valid 
only if all other factors affecting the measured coupling are kept constant. Such 
factors include the chemical environment (e. g., neighbouring groups), bond angle, 
bond length, temperature, and the solvent. To a first approximation, these 
requirements are met when diastereoisomers are analysed and compared with each 
other. Accordingly, comparison of coupling constants obtained from the threo and 
erythro difluoro compounds was anticipated to yield information on the preferred 
conformation of these compounds in solution. 
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By analogy to the Karplus relationship for the vicinal proton-proton coupling, the 3 JHF 
coupling constant is also dependent on the dihedral angle of the coupled nuclei 
(Scheme 2.39). This angular dependence of the 3 JHFcoupling is very large, and may 
conveniently be used to determine molecular conformation. 
8 However, the 
3 
-IHF 
coupling is also dependent on the electronegativity of the substituents, exceeding that 
of the proton-proton coupling considerably. 9 As fluorine has a strong impact on the 
electronic distribution in a molecule, this factor has to be taken into consideration for 
the conformational analysis of fluorine containing organic compounds. 
50 
40 
x 
30 
20 
10 
0 
DIHEDRAL ANGLE 
Figure 2.39. The angular dependence of the vicinal 3 JHF coupling constant. 
10 The three lines in the 
diagram represent 3 JHF couplings obtained from compounds of different electron egativity I= 13.0, 
11.0,9.0 (bottom line to top). 
The impact of substitution on the 3 JHFcoupling constant has been described in terms 
of the sum of the Huggins electronegativity I of the of the substituent directly 
attached to the coupled nuclei. 
" Figure 2.39 illustrates the angular dependence of 
three compounds with different I value. According to the Huggins electronegativities 
illustrated in Scheme 2.98,12 all vicinal difluoro compounds synthesised fall into the 
middle curve of the diagram in Figure 2.39. 
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Scheme 2.98. Huggins electronegativities for the vicinal difluoro moiety. According to the model, all 
compounds derived from 2,3-difluorosuccinic acid have I= 11.0. 
Any other nuclear coupling may in principle also be used to estimate the populations 
for the individual rotational isomers. However, the geminal 2JHFcoupling is mainly 
dependent on the bond angle of the nuclei that couple and the vicinal 3 JFFcoupling is 
unique in that for many compounds the gauche and trans couplings may be of 
different sign. Moreover, 
3 JFFand 2 JHFcouplings will change only little with respect 
to the dihedral angle and are strongly dependant on other factors such as temperature. 
5, 
'69 
5, 
'66 
5. 
'64 S, '62 5-60 f'. 68 5.56 S. 54 5,52 5.50 6.48 5.46 5,44 5.42 pi -183.65 -193.70 -183.75 -183.80 
-293AS -IB3.00 -141-95 pp. 
Figure 2.40. Expanded regions of the AA'XX' spin systems in the'H (left) and 
19F NMR spectrum 
(right) of threo 1,2-difluoro-1,2-biphenylethane 104. 
The confonnational behaviour around the central C-C bond of 1,2-difluoro-1,2- 
diphenylethanes 103 and 104 was studied. The most obvious feature in the NMR 
spectra of both diastereoisomers is the complex coupling pattern of their 
1H and 19F 
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NMR spectra (Figure 2.40). The signals are typical for all symmetrical vicinal 
difluoro compounds and represent a second-order spectrum from which the coupling 
constants cannot be extracted directly. Many types of compounds exibit AA'XX' spin 
systems (Scheme 2.99). These include 1,2-disubstituted ethanes 350 and their 
fluorinated analogues 351, ortho and para disubstituted benzenes 354 and 355, 
substituted furanes 353, and certain heterocyclic structures such as 356 and 357. 
HA HA 
x <Y 
HX HX 
350 
x 
Hx x 
HA Hx 
A 
354 
FA FA 
xy 
FX FX 
351 
x 
HA HA 
Hx 
: 
HX 
355 
x HA 
HX 
HX 
HA x 
352 
HX HX ä, 
-- HA N HA 
356 
Hx, ýo HX 
HA HA 
353 
HXý, X Hx ' -Z 
HA HA 
357 
Scheme 2.99. Various classes of fluorinated compounds, which exhibit second-order NMR spectra. 
The second-order spin pattern of 1,2-difluoro-1,2-biphenylethanes results from the 
coupling of the central proton and fluorine nuclei, which are chemically equivalent 
but magnetically non-equivalent. The chemically equivalence of the nuclei results 
from the similar chemical environment. The nuclei are however magnetically non- 
equivalent because they couple differently to each other, eg F, has a different 
coupling constant to H, and H2 respectively (Scheme 2.100). There are in principle 
two vicinal HF couplings and two geminal HF couplings. Due to the symmetry plane 
of the molecules the 3 JHFand2JHFcouplings are of the same value, and hence, four 
different coupling constants are obtained giving rise to an AA'XX' spin system 
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(Scheme 2.100). The NMR spectrum for the vicinal difluoro compounds consists of 
an A-part in the 1H spectrum, and an X-part corresponding to the 19F spectrum. The 
coupling patterns observed in either the A or X part are identical and the full set of 
coupling constants can thus be obtained from either part of the spectrum. 
H, F, -- 
R2 
R 1></ý 
H2 F2 
Hj-Fj = 2 JHF (gerninal H-F coupling) 
Hj-F2 = 
3jFF (vicinal H-F coupling) 
Hj-H2 = 
3 JFF (vicinal HF coupling 
Fj-F2 = 
3 JFF (vicinal FF coupling) 
Scheme 2.100. The four individual coupling constants for the central 'H and '9F nuclei in 1,2-difluoro- 
1,2-diphenylethane 104. 
The first challenge on the way to investigate the conformational equilibria was to 
obtain 
3 JHF and 
3 JHH coupling constants of the vicinal difluoro compounds. The 
analysis of such spectra has been elucidated previously, 13 and software to calculate 
coupling constants and chemical shifts from such second order spectra are also 
available. 14 A precise and comprehensible method to calculate coupling constants 
from second-order spectra such as the AA'XX' spin systems has been given by 
Abrahams et al. 15 Ten lines are observed in each part of the spectrum, e. g. 20 lines in 
all (Figure 2.40). The signals arise from the 24 transitions of the nuclear spin wave 
functions for the four nuclei involved. The transitions I&2 and 3&4 coalesce and 
each part of the spectrum consists of only 10 lines which are completely symmetrical 
nil auOUt the mid- pointsVAand vx. The intense lines of transitions 1,2 and 3,4 have each 
a quarter of the total intensity. Furthermore, two AB-type quartets of a quarter of the 
total intensity arise from transitions 5,6,7,8 and 9,10,11,12 respectively (Figure 
2.41). 
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Figure 2.41. Expanded region of the AA'XX' spin system of threo 1,2-difluoro-1,2-diphenylethane 
104 showing the ten lines necessary for calculation of the 
3j 
HF, 
3 JHHi 2 JHF, and 
3 JFFcoupling constants. 
For the calculation of the four coupling constants from these spectra it is convenient 
to define the new quantities K, L, M, N according to Abrahams et al.. 16 These 
parameters are interconnected with the coupling constants 
3 JHHq 3 JHFI, 2 JHH, 3 JHF 
according to simple mathematical algorithms (Scheme 2.10 1). 
A, --------------- A2 K= JA + JB I" 
M= JA- JB 
j 
N=J+J 
L=J-J X ---------------- 
)(2 
JB 
Scheme 2.101. Assignment of the resonances obtained for the AA' part of threo 1,2- 
difluorobiphenylethane 104. 
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In order to calculate the parameters K, L, M, N it is necessary to identify the two 
intense lines and the two AB-type quartets. These lines have to be assigned according 
as the 12 aforementioned transitions. The assignment of transitions 1,2,3 and 4 is 
unambiguous and refers to the two intense lines at the left and the right end of the 
spectrum. For the assignment of the two AB-type quartets, each quartet is of the same 
intensity, thus the most and the least intense lines belong to one of the quartets, the 
four remaining lines to the other one. The assignment is illustrated for threo 1,2- 
biphenylethane 104 in Table 2.9. 
Table 2.9. Chemical shifts and assignment of transition in the AA' part of compound 104. 
Trnmition Fri-tim-nev 
1695.807 
1,2 1693.2 6 
9I F----1685.879 
10 1674.806 
6_ F 1671.423 7] 
7I F 1654.362 -] 
11 1651.01477777] 
12 1639.947 
3,4 1632.537 
.8 
1629.955 
The parameters K, L, M, and N can be calculated according to the rules given by 
Abrahams (Equation 2.1). It is important to note that the calculations are neutral to the 
sign of any of the parameters K or A Thus, the values for K and M can be 
interchanged without consequence. This is not possible for the parameters L and N. 
Using the equations which define the parameters K, L, M, and N, the coupling 
constants JA, JB, J, and J' can be obtained immediately (Table 2.10). 
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Equations 2.1. The parameters K, L, M, N can be obtained from simple mathematical algorithms based 
on the chemical shift of the individual transitions. 
N= v(1,2) - v(3,4) 
K= v(5) - v(6) = V(7) - v(8) 
M= V(9) - V(10) = V(l 1) - V(12) 
L= Vv(6) - V(7) x V(5) - v(8) = 
Vv(9) 
- v(l 2) x v(10) - v(l 1) 
Table 2.10. Calculated parameters N, K, M, L and the resulting coupling constants for threo 1,2- 
difluoro- 1,2-diphenylethane 104 determined from the resonances listed in Table 5.1. 
60.71 il . /A 
CIFF) il 
-17.7 Hz 
K 
-JI 
2440 JLýB (0 JHH) 6.7 Hz 
(2 m 
. 07 j 
JHF 47.1 Hz 
L 3.52 
Lp (3j. ) 3.6 Hz J 
The specific assignirnent of the coupling constants obtained can be made by rational 
considerations. The large value of 47.1 Hz clearly refers to a geminal 2 JHFcoupling, 
and thus the value of 13.6 Hz is the vicinal 3 JHFcoupling. The small coupling constant 
of 6.7 Hz most appropriately refers to the 3 JHHcoupling, and the value of 17.7 Hz can 
be assigned for the vicinal 
3jFF 
coupling. From the 
3jFF 
coupling constants in related 
compounds, it can be concluded that the sign of this coupling is negative, 
17 and all 
other coupling constants are positive in sign. The XX' part of the 
19F NMR spectrum 
can be assigned similarly to the AA' part of the IH NMR spectrum. The multiplet of 
1,2-difluorobiphenylethane 103 resolves into 8 lines only as the outer lines for the 
transitions 5 and 8 disappear under the intense lines of 1,2 and 3,4. Increasing the 
concentration of the field strength (500 MHz) did not improve the resolution, and 
thus, the coupling constants given for threo 1,2-difluoro-1,2-diphenylethane are solely 
based on its lH NMR spectrum. 
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Figure 2.42. Expanded regions of the AA'XX' spin systems in the 1H (left) and 19F NMR spectrum 
(right) of erythro 1,2-difluoro-1,2-biphenylethane 103. 
In cases where transitions 5 and 8 are not observed in both the lH and the 19F NMR 
spectrum, analysis of the coupling constants is compromised. This was the case for 
erythro 1,2-difluoro-1,2-biphenylethane 103 (Figure 2.42). Transitions 5 and 8 may 
be overlaid by the intense lines of transitions 1,2 and 3,4 or, the absence of these line 
may simply be a consequence of poor resolution. In order to estimate the position of 
all lines in the AA'XX' system, a NMR prediction program based on an EXCEL 
spreadsheet was developed. Incorporation of the equations 2.1 allows for the 
automated calculation of the coupling constants 
2 JHF) 3 JHFý 3 JHH, and 
3jFF 
simply by 
listing the measured NMR resonance's into the Excel table. This considerably 
simplified otherwise time-consuming manual calculations, and offered the possibility 
of visualising the 19F and lH NMR spectrum in the form of a diagram (Figure 2.43). 
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Figure 2.43. EXCEL diagram showing the calculated positions of the 10 lines for the X part of the 
AA'XX' system of etythro 1,2-difluoro-1,2-diphenylethane 103 in a virtual '9F NMR spectrum. 
The appearance of the NMR pattern of 103 is calculated for a set of coupling 
constants 45 Hz, 15 Hz, -16 Hz, and 2.6 Hz respectively (Scheme 2.43). The peak 
tops are illustrated by a dot which indicate the transitions 1(2), 5,9,10,6,7,11,12,8ý 
3(4) from the left to the right. The diagram impressively illustrates that the lines of 
lowest intensity (5 and 8) for 103 will come into close proximity to the lines of 
highest intensity (1,2 and 3,4). This apparently causes these signals to coalesce, so 
that only 8 lines are observed in both 1H and 19F NMR spectra. The coupling 
constants for erythro 1,2-difluoro-1,2-diphenylethane 103 thus obtained were later 
confirmed and processed by LAOCOON III analysis of the spectra (Table 2.11). 18 
The LAOCOON analysis was performed in Professor Abrahams laboratory for 
several vicinal difluoro compounds, which allowed for comparison of the calculated 
coupling constants (Chapter 6-3). 
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Table 2.11. NMR coupling constants obtained from the EXCEL calculation of 103 and 104 and 
LAOCOON III analysis of the spectra kindly supplied by Professor Abrahams of Liverpool University. 
Stereoisomer Coupling 
3j 
HH 
3j 
HF 
3 
-) 
f 
FF 
2j 
HF 
constant 
Calculated 
threo 
Laocoon III 
Calculated 
erythro 
Laocoonlll 
6.7 13 6 177 
6.0 14.1 -17.3 47.2 
3.0 
2.5 
15.0 
15.2 
160 
16.5 J 
450 
ýý 45.2 
The vicinal 
3 JHFand the vicinal 
3 JHFcoupling constant observed for the stereoisomers 
103 and 104 were compared. The vicina, 3 JHFcoupling constants are approximately of 
the same value for both compounds. However, the observed vicinal 3 JHH coupling 
constants are significantly different. This can be rationalised in terms of rotational 
isomerism. As mentioned previously, the observed coupling constants will be an 
average over the individual rotational isomers of the molecule. Due to the high energy 
of the eclipsed rotamers, only the three staggered confonnations are usually 
considered. For erythro and threo 1,2-difluoro-1,2-biphenylethane 103 and 104 the 
ground state conformations are illustrated in Scheme 2.102. 
Ph Ph Ph Ph Ph Ph PheH Fe Ph 
He F 
HeF Ph HF Ph H(D F 
HF H*F FFHFHFH 
Ph FH Ph FH 
ADEF 
Scheme 2.102. Ground state rotational isomers of threo (left) and erythro (right) 1,2-difluoro- 1,2- 
diphenylethane 103 and 104 and preferred solution state conformations (boxed). 
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The relatively high 
3 JHH coupling constant for the threo compound 104 suggests a 
significant population of the rotational isomer B, which has the C-H bonds anti to 
each other. Interestingly, this also is the preferred conformation for this compound in 
the solid state (Figure 2.8). For the erythro isomer, we can infer a higher population 
for the rotamers with the C-H bonds gauche on the basis of a much smaller 3 JHHvalue 
(Scheme 2.102). Remarkably, the 3 JHFcoupling constants of the threo isomer 104 is 
of approximately the same order to that of the erythro isomer 103. This may be 
explained by a significant contribution of rotamer A, which compensates the low 
value of 
3 JHF for rotamer B of the threo isomer. From these considerations it is 
apparent that the rotarners having their vicinal C-F bonds gauche to each other (boxed 
structures) are highly preferred over the structures, where the C-F bonds are anti. 
These findings are perhaps surprising, as rotamers A and D appear to be structures 
causing the least steric and electrostatic clash, but they do not dominate the rotational 
equilibrium of 103 and 104. It can be concluded that factors other than steric effects 
deten-nine the conformation of these molecules in solution, and the "gauche effect' " 
may offer a reasonable explanation for these experimental results. 
The NMR spectra of symmetrical derivatives of 2,3-difluorosuccinic acid show a 
similar AA'XX' spin pattern for the central fluorine and proton nuclei (Figure 2.44). 
The respective coupling constants can be obtained from the mathematical algorithm 
described by Abraham et al. (Scheme 2.101 and Equations 2-1). However, the 
calculation of all coupling constants requires the full set of ten signals in the AA'XX' 
system. This condition is problematic in most cases, as the lines of low intensity often 
merge with lines of higher intensity or entirely disappear in the signal to noise 
background (Figure 2.42). The intensity of the inner lines as well as their chemical 
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shift difference varies inherently with the coupling constants of the molecule, and 
therefore such effects can occur independently from the resolution of the NMR 
instrument. 
B. o 7.5 7A 6's 6.0 slo 4.5 4.0 ý. o 2 .5 pp. 
Figure 2.44. 'H NMR spectra of threo (left) and erythro (right) NN-dibenzyl-2,3-difluorosuccinamide 
161 and 162. The spectra show the 'H AA'XX' spin pattern for the C2 and the C3 protons at 5.0-5.5 
PPM- 
In order to obviate these problems the software package PERCH was evaluated for 
calculation of the AA'XX' part of the NMR spectrum. The full version of PERCH 
features an option, which can be used to assess the individual lines by an integration 
mode. This allows the coupling constants to be obtained even in cases with eight or 
still fewer signals in the NMR spectrum. The idealised case of an AA'XX' pattern has 
10 defined lines, which in fact comprise of twelve individual signals arising from the 
nuclear spin wave function of the four coupled nuclei. Thereby transitions 1 and 2 as 
well as 3 and 4 are equal and thus appear as a single line each. 
19 NMR spectra 
featuring the full set of ten lines are analysed most accurately using the peak-top- 
fitting option (Figure 2.45). It is also possible to combine the integration analysis with 
the peak-top-fitting; this however does not give more accurate data in every case. The 
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errors of the PERCH analysis are automatically given by the program and can be used 
to estimate the accuracy of the coupling constants thus obtained. 
p- T"T-% 
UK- 
T. -Sw-t-S 
ddý 
Fý i--ý 
SýS,. - -v"q 
-T JFZ- -, - diaii 
Figure 2.45. The calculation modes of PERCH (left). Reasonable values for the coupling constants 
have to be estimated prior to calculation for convergence of the calculation (right). The coupling 
constants and chemical shifts are fitted such that the parent (bottom spectrum) and the calculated 
resonances (above) match as closely as possible. 
The couPling constants of various derivatives of 2,3-difluorosuccinic acid were 
determined using the PERCH program, and then compared (Figure 2.46). 
Interestingly, the 3 JHF coupling constants are very similar to each other within each 
diastereoisomeric series, essentially independent of the nature of the substituents 
attached to the carboxylate group. The only exception to this trend is the set of 1,2- 
difluoro- I 2-diphenylethanes 103 and 104, the analysis of which has been described in 
the previous paragraph. Clear differences in terms of the 
3 JHFcoupling constants exist 
for the series of erythro and threo diastereoisomers. The threo compounds generally 
have much higher values for the vicinal proton-fluorine coupling constants compared 
to the erythro compounds. This is the case for all of the 2,3-difluorosuccinic acid 
derivatives and even extends to the more complex pseudopeptide structures. 
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Figure 2.46. Vicinal H-F and H-H coupling constants of erythro (yellow) and threo (blue) 
diasteroisomers derived from 2,3-difluorosuccinic acid. The NMR spectra were recorded in CDC13with 
the exception of 2,3-difluorosuccinic acids, which were measured in CD3CN. All coupling constants 
were determined using the software PERCH. 
The similarity of the 3 JHFvalues within the diastereomeric series is noticeable and the 
difference between threo and erythro series gives reason to consider the 
conformational equilibria in these systems (Scheme 2.103). In order to understand the 
data in Figure 2.46, it is necessary to consider the staggered conformations of the 
diastereoisomers. Each rotational isomer has two vicinal H-F couplings, which can be 
trans or gauche in geometry. These two vicinal H-F couplings will then combine with 
the respective couplings of all other rotational isomers. Each rotational isomer may be 
differently populated and the combination of all three weighted by their population 
will give rise to the observed coupling constant 
Job,. 
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Scheme 2.103. Staggered conformations of vicinal difluoro compounds shown by Newman 
projections. The observed coupling constant for each diastereoisomer will essentially consist of a 
contribution from the three rotational isomers shown. 
At this point it is convenient to introduce the parameter of the average coupling 
constant J, which is the mathematical average of all of the coupling constants based 
on equally populated rotational isomers (Equation 2.2 and 2.3). 
1 it +itiJ9 +j 9 J HF(threo) = -x 23 
ix j9 +j g- 16Hz 
32 
1 Jt +j 
+-X ' 16Hz 
32 
+ 
IJ9+j91Jt+j 
J HF(e ryth ro) -x ý-x 3232 
Equations 2.2 and 2.3. The concept of the average coupling constant. Each rotational isomer will 
contribute with tWo 
3j 
UF coupling constants to the average coupling constant J. The limiting coupling 
constants J. =8 Hz and J, = 32 Hz are estimated values based on Figure 2.39. 
The values of Jtra,,, andJgauche can be estimated from the average coupling constant 
according to the relationships in Figure 2.39. At sufficiently high temperatures, the 
populations of the individual rotational isomers will be equal for a molecule with free 
rotation. It is important to realise that in this case the average coupling constant J will 
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have the same value for the threo and the erythro diastereoisomers as the individual 
rotational isomers will be equally populated. 
JHF(ervthro) = Ox 
ig + J9 
FO. 5x 
j+ jg 
+ 0.5x 
i+jg 
20Hz 
1222 
JHF(threo) = I. Ox +Ox +ox 
ig+jg- 
32Hz 
222 
Equation 2.4 and 2.5. The observed 3jHF coupling constants are an average over the rotational isomers. 
The data from figure 2.39 suggest estimated values of 32 Hz and 20 Hz respectively for Jtra,,, and Jga,,, he. 
The fact that the observed 3 JHFcoupling constants are very different for the analysed 
erythro and threo difluoro compounds necessarily leads to the conclusion that the 
individual rotational isomers cannot be equally populated. From this the question 
follows, which of the rotational isomers are the preferred ones in the threo and in the 
erythro series that give rise to different 
3 JHFand 3 JHHcoupling constants. To answer 
this question the data in figure 2.46 have to be considered and applied to equations 2.2 
and 2.3. The threo compounds generally have a much higher 3 JHFcoupling constant. It 
follows that there are more trans H-F relationships in the threo series than for the 
erythro compounds at room temperature. The high 3jBF coupling constant of 32 Hz for 
the threo series suggests that the rotational isomer a in Scheme 2.103 must be the 
prefeffed structure, whereas the two other rotamers are only of minor importance. 
This can be understood by considering Equation 2.4. On the other hand, the lower 
3 JHF coupling constant of 22 Hz for the erythro series suggests a significant 
contribution of rotamers e and f with a gauche and a trans H-F coupling (Scheme 
2.103). As the rotational isomers c and f are enantiotopic and thus of the same energy, 
they will be equally populated in solution (Equation 2.5). The conformational 
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preferences for the rotational isomer a in the threo series and the rotamers e and f in 
the erythro series is reinforced by the low vicinal H-H couplings observed. These 
were measured at about 2 Hz, suggesting a gauche relationship of the proton nuclei 
for the threo as well as the erythro compounds (Figure 2.38). This obviously 
discriminates against rotamers d and c as significant structures as they have an anti 
relationship of their vicinal protons. In conclusion, it can be stated that there are 
conformational preferences within these compounds that apparently favour structures 
in which the C-F bonds have a gauche relationship. These results once again suggest 
the influence of the "gauche effect" in vicinal difluoro compounds in solution. 
2.5.2 VT NMR experiments 
The results in the previous section were confirmed by variable temperature NMR 
studies. Generally, solvent and temperature will affect the rotational equilibrium for 
compounds whose rotational barriers are small. Exploring temperature and solvent 
effects may therefore give an indication of the most stable rotational isomers of such 
equilibria and can even give the exact populations of the individual rotational isomers. 
The basic requirement underlying these experiments is that the inherent temperature 
dependence of the coupling constants is negligible compared to the variation caused 
by the change of proportions for the individual rotational isomers with temperature. 
This condition is generally met for the 
3 JHF and 
3 JHHNMR coupling constants, 
provided that they are considered in a relatively small temperature range. 20 
The rotational isomers of 2,3-difluorosuccinates are very different in energy terms, 
and thus, the observed coupling constantJobswill change with temperature. The effect 
was investigated for the erythro and threo diethyl 2,3-difluorosuccinates 159 and 160 
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in order to explore their conformational behaviour. The esters 159 and 160 were 
chosen as substrates for the variable temperature experiments since they gave the best 
defined spectra of all derivatives of 2,3-difluoroduccinic acids. The presence of ten 
resolved lines in the AA'XX' pattern of the NMR spectra is necessary to determine 
the 
3 JHFand 3 JHHcoupling constants accurately in order to draw comparison between 
the two diastereoisomers (Figure 2.47). 
Figure 2.47. NMR spectra of threo (left) and erythro (right) 2,3-difluorosuccinates 159 and 160. 
The other advantage of using the esters of 2,3-difluorosuccinic acid is that they offer 
excellent solubility in all common organic solvents. Especially the more polar 
solvents like DMSO and DMF gave line broadening even at ambient temperature and 
their use is also restricted due to a relatively high melting point. Acetone and 
dichloromethane are solvents commonly used for low temperature NMR experiments, 
but their application in this case is hampered by a relatively low boiling point. The 
aromatic hydrocarbons like toluene and benzene offer the best compromise, and 
therefore d6-toluene was chosen as the medium for these VT experiments. The 
physical properties of the solvent allow for NMR measurements over a wide 
temperature range and the apolar nature for maximum resolution. 
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Table 2.12. Coupling constants obtained for ethyl erythro-2,3-difluorosuccinate 159 after VT 
experiments in d6-toluene. The coupling constants were determined using the PERCH software. 
T [K] 3 JHH 
370 
360 
350 
340 
330 
320 
310 
300 
290 
280 
270 
260 
_ 250 
240 
230 
3 JHF 3 JFF 2 JHF Shift 
2.17 21.04 13.52 IL 47.56 1478.6-1 
2.13 47.4ý 
2.04 21.3 
' --- 
3.5ý---]j -47.52 L1470.9 
21.5 6 ] [ -13.60--, 
- '47.45 14 
1.99 21.6 -13.68 47.40 1464. 
i 
1.98 L 13.68 47.48 1459.8 
1.90 [-2 f -. 8 47.45 1455.1 
1.89 21.89 13.74 47.38 1449. ý 
1.88 I F 21.92 -13.86 1ý 
ý2. =4 1446. 
1.85 ]2.15__J ! -13.89 47.44 1441.2 
1.82 -13.99 47.33 1434.5 
1.75 -22.30 13.93 47.42 A i8. i 
1.73 22.20 -13.90 20.8 
1.78 1 [ 22.06 I L -I 3.7LJ 
I 47.6ý4 ý 1412.8 F 
1.78 22.00 -13.54 47.80 
1 [ 1403.4 
The data for the 2,3-difluorosuccinates clearly indicate a decrease of 3 JHF an d an 
increase Of3 JHHwith temperature (Table 2.12). Although the differences between the 
individual coupling constants are relatively small, the trend clearly suggests an 
increasing population of rotamer d at higher temperatures (Scheme 2.103). This at the 
same time indicates a conformational preference for the rotamers e and f at ambient 
temperatures, which both have the C-F bonds gauche to each other. 
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Table 2.13. Coupling constants obtained for diethyl threo 2,3-difluorosuccinate 160 after a variable 
temperature profile in d6-toluene. The coupling constants were determined using PERCH. 
T [K] 3j HH 3j HF 3j FF 2j HF Shift 
370 2.62 26.47 46.21 1,504.9 
1 -9.87 
ýT 1 46.27 0 2.42 26-. 7 
-i 2.33 27.0 46. 
2.31 27.29 
9.99 15 1502.3 
- 8ý 7ý 37 1500.6 
2.21 27.75 -10.01 46.12 
Lý498 -. -6 
2.23 -10.04 1496.3 
2-. -1- 5 -10.29 45*08 
-- 
1493. ý 
2.03 45.99 1482.5 
1.85 28ýý9[ -10.16 45.87 6.1477.8 
-10.12 1.83 46.03 ý-----1473.5 
1.80 1 29.57 0.34 i 45-82 L 146 8.4 
1.79 29.44 -9.94 45.97 
11 1462.8 
1.64 29.73 -10.0---Il 45.97 
IF 1456.2 
A similar trend was observed for the 
3 JHF and 
3 JHH coupling constants of the threo 
isomer of 2,3-difluorosuccinate 160 (Table 2.13). The 3 JHFvalue decreases at higher 
temperatures, whereas the 3 JHH coupling constant increases. The variations are quite 
significant and again indicate a change in population for the rotational isomers with 
temperature. For the threo compound 160, three rotational isomers have to be taken 
into account, which all have a different chemical configuration and thus are different 
in energies terms (Scheme 2.103). A large 3 JHF coupling constant of about 31 Hz 
indicates a trans H-F coupling, whereas a small 3 JHHcoupling constant of about 1.5 
Hz is typical for a gauche H-H relationship. The amplitude of these coupling 
constants suggests that at low temperature the molecule exists almost entirely as the 
rotamer a, which have two H-F trans relationships whereas the vicinal protons are 
gauche. increasing the temperature leads to a higher population of the rotamers b and 
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c, as indicated by the smaller 3 JHFcoupling constants. The temperature dependence of 
the population for the individual rotational isomers may be described in terms of a 
Bolzmann distribution, 21 which can be used to describe rotational equilibria 
quantitatively (Equations 2.6). 
A=B 
K= n' = exp - 
AGs 
nA RT 
nA+ nB =I 
--,: n 
Mobeserved 
, AMA+ nBMB 
Equations 2.6. The parameters nAand nB refer to the populations of two molecules equilibrating in 
states A and B. The parameter AGs is the free-energy difference for the equilibrium in any solvent S. R 
is the ideal gas constant and T the temperature. The single quantity M determined by the experimental 
technique is the weighted average of the values in the various rotamers. 
The measurement of any valuesMA andMB for which the individual rotational 
isomers are different may be used to obtain relatively exact values for their respective 
populations. The most common method involves measurement of the NMR coupling 
constants, which can be used to describe the equilibrium between the rotational 
isomers for erythro 2,3-difluorosuccinate 160 quantitatively. A consideration of the 
individual rotational isomers in Scheme 2.103 reveals that the 3 JHFcoupling constants 
for rotamer d is different compared to the rotamers e and f, which are energetically 
equivalent. This allows for a straightforward comparison of ratios between these 
rotational isomers, and the respective populations can be obtained from the observed 
coupling constants. 
185 
Chapter 2 
Jobs= nA 
(1 
9+ 
jg) 
+ nB 
2 
(J,, + J') 
2 
Equation 2.7. The observed 3 JHF coupling constant for the erythro isomer 160 consists of two 
energetically different rotational isomers, which are described in terms of the populations nAand nB- 
The limiting coupling constants Jg and Jt are necessary to determine the populations 
nA and nB for the individual rotational isomers of diethyl erythro 2,3- 
difluorosuccinates 159 and 160 (Equation 2.7). These parameters are difficult to 
obtain, but can be estimated with reasonable accuracy. The relatively high coupling 
constant of 21.9 Hz for Jobs suggests a value of 34 Hz for Jt and 12 Hz for Jg. 
Application of these coupling constants to Equations 2.7 immediately gives 
populations for the individual rotamers and their rotational barrier AGs, according to 
equations 2.6 (Scheme 1.104). 
F 
CO Et CO Et CO Et 
jýC02Et 
Et02C(Dý FýýDý02Et 
Et02C 
FHFHFH 
F COA F 
159 def 
0.10 n=0.45 n=0.45 
s AG = -0.9 kcal/mol AGS = -0.9 kcal/mol 
Scheme 2.104. Populations and energy barriers fro the erythro isomer of 2,3-difluorocuccinate 159. 
Although the result in scheme 2.104 are based on estimated values for Jg and J,, they 
may be useful in describing the equilibrium between the rotational isomers in erythro 
2,3-difluorosuccinate 159. Clearly, the rotamers having the C-F bonds gauche with 
respect to each other (e and f) significantly outnumber those of the trans rotamer d. 
Results and Discussion 
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The situation is somewhat more complex for the threo isomer 160 as it consists of the 
three energetically nonequivalent rotational isomers a, b and c (Scheme 2.105). The 
fact that two of these rotamers have similar 3 JHFgeometries (i. e., the 3 JHFcoupling of 
the rotamers b and c has the same value) makes it necessary to include the 
3 JHH 
coupling constants in the calculation. The limiting 3j HH coupling constants Jg and Jt 
are necessary to distinguish between rotamers b and c. These values can be borrowed 
from the valuesOf JHHwhich can be calculated from the measured populations of the 
erythro isomer 159 (Scheme 2.104). Application of 1.5 Hz and 5.5 Hz for Jg and Jt 
respectively, and the values of 12 Hz and 34 Hz for the 3 JHFcoupling constants were 
applied to calculate the populations of the threo isomer 160 (Scheme 2.105). 
F 
CO Et CO Et CO Et 
COA Heý 
- 
Et02C(: Dý F 
Et02C HeMEt --Ily HFHFHF 
F C02Et FH 
160 abc 
n=0.77 n=0.09 n=0.14 
AGS = -1.1 kcal/mol 
Scheme 2.105. Populations and energy barriers of the threo isomer of ethyl 2,3-difluorocuccinate 160. 
The calculation is based on the assumption that the limiting coupling constants Jg and 
Jt are similar for the stereoisomers 159 and 160. These values rely on the Karplus 
relationships according to Figures 2.38 and 2.39. The energy differences for the two 
least favoured rotational isomer b and c of 160 are very small and possibly not very 
representative for the ratio of the two rotamers. In order to obtain more accurate 
values for the limiting coupling constants Jg and Jt the data from Tables 2.12 and 2.13 
were fitted into an equation derived from the Bolzmann distribution. The value of the 
coupling constantJob, as a function of T can give values for the parameters Jg and 
187 
Chapter 2 Results and Discussion 
Jt, and AG will follow from this. The plot Of Jobs versus temperature generates a four- 
parameter curve for AH, AS, Jg, and Jt. In order to reduce the problem to a three- 
parameter fit, AS is very generally assumed to be zero. 22 The appropriate equation 
derived from the Bolzmann distribution can be solved by iteration starting with 
estimated values of the parameters using the software ORIGIN (Figure 2.48) 
22 A 
222 
22 ýO 
21 ýS 
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Figure 2.48 . 
3j HF coupling constants for erythro 2,3-difluorosuccinate 159 (top left) and threo (top 
right) 2,3-difluorosuccinate 160 versus temperature. The red lines indicate a fit of the data points to the 
Bolzmann distribution generated with the ORIGIN software. The parameter P1, P2 indicate the gauche 
and trans H-F coupling constant; P3 refers to the free-energy values in J*mol-1 obtained from the fit. 
A modification of the published method allowed for the application of these equations 
to the vicinal 3 JHFcoupling constants for 159 and 160 (Figure 2.48). Unfortunately, 
the large error for the unknown parameters Jg, Jt, and in particular AH made these data 
of little value. From the distribution of the data points in Figure 2.48, it becomes quite 
obvious that the accuracy of the coupling constants is limited, thus leading to the large 
error observed. The scattering of the data points is even larger for the 
3 JHHcoupling 
constants (Figure 2.49). 
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Figure 2.49. 'JHHcoupling constants versus temperature for erythro- (top left) 159 and threo (top right) 
2,3-difluorosuccinate 160. The red lines indicate a fit of the data points to the equation derived from the 
B olzmann -distributions. 
From the data in table 2.12 and 2.13 it is apparent that the measurement of the 3 JHH 
coupling constants itself is of reasonable accuracy (A < 0.5 Hz). The error in these 
measurements however is apparently large enough to cause a large deviation in the 
parameters determined by the software. The parameter PI, P2 in figure 2.49 indicate 
the gauche and trans H-H coupling constants Jg and Jt, and P3 refers to the free 
energy AG values in J*mol-1 obtained from the fit. Although the parameters represent 
reasonable values, the large error in these calculations is not satisfactory. It has to be 
concluded that either the calculation of the coupling constants from the AA'XX' 
NMR system is not accurate enough, or the method itself cannot be applied due to 
temperature related changes of the NMR coupling constants, other than the dihedral 
angle. For instance, the bond angle of the coupled nuclei may change over the 
relatively large temperature range applied and are thereby effecting the NMR 
coupling constants. 
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2.5.3 Solvent and pH dependant NMR experiments 
The solvation energy of a polar solute in a polar medium is typically in the range of 0- 
3 kcal/mol and therefore is quite similar to the energy difference between rotational 
isomers for the majority of acyclic compounds. Also, solvation effects can influence a 
particular rotational equilibrium considerably, and in contrast to chemical shifts, 
23 NMR coupling constants are solvent independent . Therefore such effects can be 
used to investigate conformational equilibria of molecules. Diethyl 2,3- 
difluorosuccinates 159 and 160 again served as substrates for these measurements and 
the changes of 
3 JHFand 3 JHHwith solvent are illustrated (Table 2.14). 
Table 2.14. Solvent dependant coupling constants of both stereoisomers of ethyl 2,3 -difluoro succin ate, 
recorded at room temperature at 300 MHz. Coupling constants were calculated using PERCH. 
threo-2,3-Difluorosuccinate 
Solvent 3JHH 3JFF 3JHF 2j HF 
CC14 2.1 14.9 
10.2 C6H6 2.0 
1.5 10.1 L CDC13 
1.8 9.1 
IF 
CD3 
CD30D 1.4 9.0 
DMSO 1.3 
threo-2,3-Difl 
Solvent 3j HH 3 JFF 
CC14 1.9 13.6 
C6H6 1.9 14.0 
CDC13 1.7 13.8 
3.8 CD3CN 2.1 
CD30D 1.7 IF 13.8 
DMSO 1.9 14.6 
27.6 
29.0 
28.4 
30.3 
30.0 
31.8 
-inate 
3 JRF 
21.3 
21.8 
21.6 
22.3 
22.4 
23.1 
46.0 
46.0 
Tlýý 
46.2 
45.1 
45.5 
44.6 
2 JHF 
47.7 
47.2 
47.2 
46.4 
46.8 
45.8 
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A small but noticeable variation in going from nonpolar (CC14) towards the more 
polar solvents (DMSO) was observed. For the threo isomers the 3 JHFvalues increases 
by about 4 Hz, whereas the 3 JHHvalue decreases by about 0.8 Hz. This change may be 
understood in terms of rotational isomerism. The general trend is that the dipole of the 
solute will increase on going from an apolar solvent to a more polar one, and this will 
change the conformational equilibrium. Considering the rotational isomers in scheme 
2.103, the dipole moments of the rotamers b and c point in opposite direction, thereby 
reducing their dipole moment (Scheme 2.103). This behaviour is consistent with 
changing populations of rotamers c (and b) in favour to a higher population of 
rotamer a, the most polar structure. These changes are consistent with a stabilisation 
of the more polar rotamer with increasing polarity of the solvent. 
The observed changes are small, presumably because even in the nonpolar solvents 
rotwner a has a much higher population than that of the other two rotamers. The 
solvent induced changes for the coupling constants 
3 JHFand 3 JHHare much smaller in 
the erythro isomer 160. The 3 JHFvalues increase by only 2 Hz in going from the least 
polar, to the most polar solvent. The 3 JHHvalues of 160 remain essentially constant. 
This observation is consistent with the fact that rotamers e and f are much more 
populated than the rotamer d, and thus population shifts will remain very small. Also, 
the amplitude of the 
3 JHH coupling is small and deviations will lie within the 
experimental error of the NMR measurements. No unambiguous conclusions are 
therefore yet to be drawn from these experiments. 
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The influence of pH on the conformational equilibrium of 2,3-difluorosuccinic acids 
130 and 132 was also investigated. It was assumed that the electrostatic repulsion of 
the negatively charged carboxylate anions in 2,3-difluorosuccinic acids 130 and 132 
would influence the populations of the individual rotational isomers (Scheme 2.106). 
The experiments were carried out in an aqueous solution with a sodium hydrogen 
carbonate buffer as the medium. The pH of the solution was adjusted by addition of 
solid sodium bicarbonate to the buffer and measured with a thin pH-electrode directly 
in the NMR tube. The changes in coupling constants with respect to pH were found to 
be quite small and essentially take place between pH 2 and 4 (Table 2.15). 
Table 2.15. Coupling constants and chemical shifts determined at different pH values for 2,3- 
difluorosuccinic acids 130 and 132 at room temperature. The coupling constants were determined using 
the PERCH software. 
IIF- 3jH IF-- 3j][IF 3jF 
71 
Shift HF 
pirl 
4.8 
6.8 
7.5 
ervthro threo erythro threo erythro threo 
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As expected, the changes take place at about the pH range where the carboxyl groups 
become deprotonated. The fluorine atoms will lower the acidity of the carboxyl 
groups of succinic acid (pKa = 4.19 and 5.57) presumably into the pH 3-4 range. 
There is a small but clear trend with an increase in the 3 JHFcoupling constant in going 
to higher pH values and a decrease of the 3 JHHcoupling constant. This behaviour may 
be explained by a change in the population of rotamer b to rotamer a for the threo 
compound 132. This seems reasonable, as rotamer b becomes less stable at higher pH 
due to electrostatic clash between the carboxylate groups (Scheme 2.106). 
F 
co co co -02C C02- H '(,,, 
f, 
ý602 
-02C -)Y 
H*ýF H* FH "-ý F 
F C02- FH 
132 abc 
F co - co co - 
Fý 
J-ý, 
ýC02- 
H$ý -02C F 
602 
-02C F*H F 
)H 
FHFH 
F 
C02 
130 def 
Scheme 2.106. Staggered conformations of vicinal difluorosuccinic acids by their Newman projections. 
For the erythro isomer 130 however, the explanation is less obvious. The 3 JHF 
coupling constant increases with higher pH and decreases for 3 JHH. This suggests a 
change of rotamer populations to e and f at the cost of d. The conclusion however is 
difficult to rationalise as electrostatic repulsion is expected to be higher in e and f. 
Another important aspect to consider here is the substituent effect on the NMR 
coupling constants. Protonation or deprotonation at the carboxyl groups will change 
the electronic distribution of the molecule considerably and this may in turn affect the 
coupling constant. Therefore a concise conclusion about the stability of the individual 
rotational isomers was not forthcoming from the pH dependant measurements. 
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2.5 Conclusion 
Results and Discussion 
Several vicinal difluoro compounds were analysed in order to investigate 
conformational preferences that arise from stereoelectronic effects associated with the 
carbon-fluorine bond. New synthetic routes were developed in order to access such 
compounds and the synthesis of diasteriomeric ally pure erythro and threo 2,3- 
difluorosuccinic acids was a key object towards this goal. 
Erythro 2,3-difluorosuccinic acid was obtained from trans-stilbene after 
halofluorination and subsequent halogen exchange, resolution by crystallisation and 
oxidative degradation of the phenyl rings. The threo isomer of 2,3-difluorosuccinic 
acid were obtained as single enantiomers by multistep synthesis from either (R, R) or 
(S, S) diethyl tartrates. The synthetic route involves the generation of cyclic sulfates,, 
nucleophilic fluorination with inorganic fluoride, and subsequent deoxofluorination of 
the intermediate fluorohydrin. The diethyl 2,3-difluorocuccinates were readily 
hydrolysed under acidic conditions to give the free carboxylic acids. Derivatives of 
2,3-difluorosuccinic acids were obtained by standard synthetic methods such as acid 
catalysed esterification and amide coupling. Crystals suitable for X-ray 
crystallography were obtained for the erythro and threo 2,3-difluorosuccinic acid and 
their benzylamides. These sets of diastereoisomers were compared in terms of their 
molecular conformation and the comparison was extended to their nonfluorinated 
analogues. 
For all these compounds, a strong preference was observed to align the vicinal C-F 
bonds gauche to each other, thereby reinforcing the concept of the gauche effect by 
experimental results. In case of the amides, the C-F bonds aligned preferentially anti 
periplanar to the amide carbonyl bond, an effect, which has been described in terms of 
stereoelectronic effects. These conformational preferences are pronounced and appear 
196 
Chapter 2 Results and Discussion 
to override steric and electrostatic interactions in vicinal difluoro, amides. A similar 
tendency is observed for the free carboxylic acids; however in this case the C-F bonds 
have a strong tendency to adopt a syn planar confon-nation with respect to the 
carbonyl bond. The analysis was extended to the solution state and NMR experiments 
were carried out in order to establish conformational preferences for the vicinal 
difluoro compounds. Again, the data indicated a strong preference for the central C-F 
bonds to align gauche with resPect to each other, and the conformational analysis 
developed in the course of these experiments will be the subject of a scientific 
publication in the near future. ' 
The F-C-C-F motif was incorporated into small peptide chains to assess its influence 
on their molecular conformation. 2 Several pseudopeptides derived from 2,3- 
difluorosuccinic acid were synthesised and their conformation was investigated by X- 
ray analysis and NMR experiments. The conformations of such fluorine-containing 
peptides show a remarkable dependence on the stereochernical orientation of the 
fluorine substituents, an effect that may serve as a tool to influence the secondary and 
consequently tertiary structure of peptides in a predictable way. These stereoelectronic 
effects associated with the C-F bond may be exploited for the synthesis of peptide 
mimics with improved binding properties and enhanced activity profile to have an 
impact in the search for new pharmacological lead structures. 
1 M. Schueler, R. Abrahams, D. O'Hagan, H. R. Rzepa, A. M. Z. Slawin, The vicinal 
difluoro motif. The synthesis and conformation of erythro and threo- diastereoisomers 
of 1,2-difluoro-1,2-diphenylethanes, 2,3-difluorosuccinic acids and their derivatives, 
Beilstein J. Org. Chem., submitted. 
2 M. Schueler, D. O'Hagan, A. M. Z. Slawin, The vicinal F-C-C-F moiety as a tool for 
influencing peptide conformation, J. Chem. Soc., Chem. Comm., 2005,34,4324. 
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3.1 General 
'H- and 13C-NMR spectra were recorded on either a Varian Gemini 300 MHz 
spectrometer (lH at 299.98 MHz, 13 C at 75.43 MHz) or on a Bruker AV-300 (IH at 
299.98 MHz, 13 C at 75.45 MHz, 19F at 282.40 MHz) instrument. High-resolution mass 
spectra were obtained from a VG AUTOSPEC spectrometer. GC-MS analyses were 
performed on an Agilent 6890 gas chromatograph (equipped with a HP-5MS 5% 
PhMe Siloxane column, 1.5 ýtm thickness, 15m, 0.53 diameter) connected to an 
Agilent 5973N mass-selective detector. Chiral HPLC was carried out on a Chiralcel 
OD-H column with a Varian 9012 HPLC pump and Varian 9012 detector. Infrared 
spectra were recorded with a Perkin Elmer 2000 FT-IR instrument using NaCl glass 
plates. Optical Rotations were determined on an A-1000 polarimeter (Optical 
Polarimeter Ltd. ) using a2 dm cell, [()C]Dvalues are given in units of 10-1 deg CM2 g-1. 
A GallenKamp GRIFFIN NWA350. BM2.5 melting point apparatus was used to 
determine melting points, which are uncorrected. Crystal structure determination was 
performed on a Bruker SMART diffractometer with graphite monochromated Mo- 
K(x radiation (k = 0.7107 A) using 0.3' with steps accumulating area detector frames 
spanning a hemisphere of reciprocal space for both structures; the reflections were 
corrected for Lorentz and polarisation effects. Absorption effects were corrected on 
the basis of multiple equivalent reflections. 
Reaction progress was monitored on thin-layer chromatography using glass plates 
coated with silica gel 60 (Merck 
F254). TLC plates were examined under UV light 
(254 nm, 366 nm) and/or colouring with cerium-(W)-sulfate stain. Column 
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chromatography was performed on Merck silica gel 60 (60-200[tm, 70-230 mesh). 
Eluent volumes are given as a ratio of v/v. Air- and moisture sensitive reactions were 
carried out under a positive pressure of nitrogen in oven-dried glassware (200'C). All 
reagents are of synthetic grade and were used without further purification. Solvents 
were dried according to standard methods prior to use. ' 
3.2 Synthetic protocols 
3.2.1 Preparation of erythro 1,2-diphenyl- I -bromo-2-fluoroethane 100 
c: JJJI 
NBS (0.9g, 5mmol) was added to a mixture of trans-stilbene 91 (0.9 g, 5 mmol) in 
diethyl ether (5 cm 3) and HF/pyridine (5 CM) at room temperature. The suspension 
was stiffed overnight and then water (10 CM) was added. The precipitate was filtered, 
washed with water and recrystallised in methanol to give the title compound as a 
white solid (1.1g, 79%), mp 98'C (lit., 2 105 OC); (Found: C, 60.28; H, 4.21. 
C14Hl2BrF requires: C, 60.24; H, 4.33%); v.. /cm-1 (nujol) 3064,3033,2959,2360, 
2339,1950,1882,1496,1455 and 961; SH(CDC13) 7.3-7.0 (10 H, m, Ar-H) and 5.8 
(2H, dd, J 46.0 Hz, J 6.7 Hz, CHF) and 5.1 (2H, dd, J 15.0 Hz, J 6.7 Hz, CHBr); 8c 
(CDC13) 137.4,136.3,129.6,129.2,128.9,128.7,127.3,127.2 (Ar-C), 95.9 (d, J 
181.3 Hz, CHF) and 55.0 (d, J 28.2 Hz, CHBr); 
BF (CDC13) 
-170.0 (dd, J 46.0 Hz, J 
15.0 Hz); m1z (EI) 280,278 (1, M+), 199 (100, M-Br-), 171 (33), 169 (32) and 109 
(85). The threo-isomer of 1,2-diphenyl-l-bromo-2-fluoroethane was present as a 
minor component in a 1: 10 ratio, 8H(CDC13) 7.3-7.0 (10H, m, Ar-H), 5.8 (2H, dd, J 
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45.7 Hz, J 7.7 Hz, CHF) and 5.6 (2H, dd, J 12.9 Hz, J 7.7 Hz, CHBr); 8F(CDC13) - 
169.5 (dd, J 45.7 Hz, J 12.9 Hz). 
3.2.2 Preparation of E-fluorostilbene 102 
LJÖ 
Potassium tert-butoxide (0.17 g, 1.5 mmol) was added to a solution of the 
fluorobromide 96 (0.28 g, 1.0 mmol) in pentane (10 cm 3) and the reaction mixture 
was heated under reflux for 5 h. The reaction mixture was then diluted with hexane 
(10 CM3 ) and water (10 cm 
3) 
was added. The organic layer was washed with brine (10 
cm 3) and dried overMgS04- The solution was concentrated in vacuo to give the 
product (0.16 g, 82%) as a white crystalline solid, mp 93-97 T (lit. 
3 94-95 0C) ; 
(Found: M', 198.0845. C14H,, F requires MH+, 198.0840 ppm); v,,,.. /cm-1 (film) 
30841,3058,3027,1662,1602,1498,1446,1360,1219,1180,1083,1052,1026,918ý 
867,842,772,731 and 694; 8H (CDC13) 7.5-7.1 (10H, m, Ar-H), 6.4 (IH, d, J 21.8 
Hz, CH); 8F (CDC13) -96.5 (d, J 21.8 Hz, CHF); 
8c (CDC13) 132.0-127.5 (Ar-C), 
109.7 (J, d, 31.0 Hz), 106.7 (J, d, 256.9 Hz); mlz (EI): 198 (100), 197 (80), 196 (61)9 
183 (27), 178 (15) and 170 (11). 
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3.2.3 Preparation of erythro 1,2-difluoro-1,2-diphenyleth, ane 103 
NBS (3.6 g, 20 mmol) was added to a solution of trans-stilbene (3.6 g, 20 mmol) in 
dry diethyl edber (20 CM) and 70% HF/pyridine (20 cm 3 ). The reaction mixture was 
stirred for 3h and Ag(I)F (2-5 g, 20 mmol) was added. The reaction then was stiffed 
for 12 h in the dark and was quenched into H20(20 CM) . The mixture was extracted 
into diethyl ether (3 x 20 CM3) . The combined organic phases were washed with 
NaHC03 solution (10 CM3) , 
H20 (10 CM 
3) 
and brine (10 CM) . The solvent was 
dried 
under Na2S04and the removed to give the crude product. The solid was recrystallised 
in methanol and then petroleum ether to give the product as white crystals (3.3 g, 76 
%), mp 102-103 'C (lit., 
4 100-102.5 OC); (Found: C, 77-04; H, 5.53. C14H12F2 
requires: C, 77.05; H, 5.54%); v.,,, /cm-1 (KBr) 1618,1508,1498,1457,1243,1208, 
1001,918,829,761,699 and 598; BH(CDC13) 7.4-7.1 (10H, m, Ar-H), 5.8-5.5 (2H9 
AA'XX', J 45.2 Hz, J 15.2 Hz, J -16.5 Hz, J 2.6 Hz, 2x CHF; 8c (CDC13) 129.3, 
128.7,128.6,127.2,127.1 (Ar-C) and 94.7 (dd, J 181.9 Hz, J 28.7 Hz, 2x CHn; 8F 
(CDC13) -187.1 (AA'XX 4, J 45.2 Hz, J 15.2 Hz, J- 16.5 Hz); mlz (EI) 
218 (15), 109 
(100) and 83 (8). 
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3.2.4 Preparation of threo 1,2-difluoro- 1,2-diphenylethane 104 
«10 
NBS (3.6g, 20 mmol) was added to a solution of trans-stilbene 91 (3.6 g, 20 mmol) in 
dry diethyl ether (20 CM) and 70% HF/pyridine (20 CM) . The reaction mixture was 
stiffed for 3h and Ag(I)F (2.5g, 20 mmol) was added. The reaction mixture was 
stiffed ovemight in the dark and H20(20 CM) was added. The mixture was extracted 
into diethyl ether (3 x 20 cm 3) . The combined organic phases were washed with 
NaHC03 solution (10 cm 
3 ), H20 (10 CM 3) and brine (10 CM3) . The solvent was 
dried 
under Na2SO4 and removed to give a crude product. The threo-isomer was purified 
from the 1: 4 mixture of stereoisomers by a combination of crystallisation (methanol), 
flash chromatography (hex ane/dichloromethane 20: 1), and again crystallisation 
(hexane), mp 94'C (lit., 5 90-91 'Q; (Found: C, 77.13; H, 6.05. C14H12F2requires: C, 
77.05; H, 5.54%); vmax /cm-' (KBr) 3033,2970,1495,1214,1074,1004,849 and 699; 
BH(CDC13) 7.4-7.1 (10H, m, Ar-H) and 5.8-5.5 (2H, AA9XX', J 47.2 Hz, J 14.1 Hz, J 
-17.3 Hz, J 6.0 Hz, 2x CHF); 8c (CDC13) 129.4,128.7,127.2,127.2,127.1, 
(Ar-C) 
and 95.46 (dd, J 184.1 Hz, J 25.4 Hz); BF(CDC13)-187.1 (AA'XX', J 47.2 Hz, J 14.1 
Hz, J-17.3 Hz); m1z (EI) 218 (7), 109 (100) and 83 (8). 
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3.2.5 Synthesis of erythro 2,3-difluorosuccinic acid 130 
F0 
0" 
OH 
F 
Synthetic protocols 
A solution of erythro-1,2-difluorobiphenylethane 103 (0.630 g, 3 mmol) in acetic acid 
(600 CM) was treated with ozone over a period of 16 h at ambient temperature. 30% 
H202 (100 CM 
3) 
was then added, and the reaction mixture stirred for 12 h. Platinum 
black (0.02 g) was added and stirring continued for 2h to remove excess of hydrogen 
peroxide. When gas evolution had ceased, the mixture was concentrated in vacuum 
and the solid filtered off under reduced pressure. The remaining solution (50 cm 3) was 
diluted with H? O (25 cm 3) and extracted into diethyl ether (2 x 25 cm 3) to remove 
starting material and by-products. The aqueous phase was freeze dried to give the 
crude product (0.208 g, 45%) as an amorphous brown solid. The compound was 
sublimed in a Kugelrohr apparatus (100 OC/0.1 mm) to give colourless crystals, mp 
174-175 OC; (Found: C, 31.46, H, 2.69. C4H404F2 requires: C, 31.18; H, 2.62 
Vmax /CM-1 (KBr) 2946,1719,1450,1271,1240,1122,1096,857 and 744; 8H 
(CD3CN) 5.5 (2H, AA'XX', J 46.7 Hz, J 23.3 Hz, J -14.0 Hz, J 1.8 Hz, CHF); 
Bc 
(CD3CN) 87.6 (J 191.6 Hz, J 22.9 Hz); 8F (CD3CN) -202.0 (AA'XX), J 46.7 Hz, J 
23.3 Hz, J -14.0 Hz, J 1.8 Hz); m1z (ESI-) 153.22 
(M-H). 
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3.2.6 Preparation of dimethyl erythro 2,3-difluorosuccinate 131 
F0 
0 Yl- 
0F 
Erythro and threo 2,3-difluorosuccinic acids (0.157 g, 1.0 mmol) were heated under 
reflux in dry methanol (20 cm 3) in the presence of Dowex 50WX8-400 ion-exchange 
resin (200 mg) for 24 h. The resin was filtered and the solvent was removed under 
reduced pressure. The crude product was purified over silica gel (hexane/diethyl ether 
10: 1) to give the title compound (140 mg, 76%) as a clear colourless liquid, (Found: 
MH+, 183.0466. C8HI 308S requires: 183.0469,1.5 ppm); v,,,.,, /cm- 1 (film) 2962,28569 
1772,1745,1443,1360,1304,1227,1129,1092,1031,990,955,869,830,775,682 
and 603; 8H (CDC13) 5.5 (2H, AA'XX', J 47.0 Hz, J 21.7 Hz, J -13.8 Hz, J 1.8 Hz, 2 
x CHF), 4.0 (6 H, s, 2x CH3); 8c (CDC13) 88.2 (dd, J 197.2 Hz, J 23.2 Hz, 2x CHF), 
53.5 (OCH3); BF (CDC13)-202.1 (AA'XX4, J 47.0 Hz, J 21.8 Hz, J -13.8 Hz, J 1.8 
Hz); mlz (EI): 151 (20) 131 (5), 123 (10), 93 (51), 73 (40) and 59 (100). 
Methyl threo 2,3-difluorosuccinate, 8H (CDC13) 5.5 (2H, AA'XX4, J 45.7 Hz, J 28.9 
Hz, J- 10.1 Hz, J 1.8 Hz, 2x CHF), 4.0 (6 H, s, CH3); 8C (CDC13) 87.7 (dd, J 197.9 
Hz, J 21.0 Hz, 2x CHF) and 53.7 (OCH3); 
BF (CD'C13)-202.45 (AA'XX(, J 45.7 Hz, 
J 28.9 Hz, J- 10.1 Hz, J 1.8 Hz, 2x CHF); mlz (EI): 151 (20) 131 (5), 123 (10), 93 
(51), 73 (40) and 59 (100). 
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3.2.7 Synthesis of threo 2,3-difluorosuccinic acid 132 
F0 
Ho"OH 
0F 
Synthetic protocols 
Ozone was bubbled trough a mixture of 1,2-difluorol, 2-biphenylethanes 95 (0.440 g7 
2.1 mmol) in acetic acid (400 cm 3) over a period of 16 h at ambient temperature. 30% 
H202 (100 CM 
3) 
was added and the reaction mixture stiffed for 12 h. Platinum black 
(0.02 g) was added, and the stirring continued for 2h to remove excess of hydrogen 
peroxide. When gas evolution had ceased, the mixture was concentrated in vacuum 
and the solid filtered off under reduced pressure. The remaining solution was diluted 
with H20 and extracted into diethyl ether to remove unreacted starting material and 
by-products. The aqueous phase was fteeze dried to give the crude product (0.097 gj, 
30%) as a brown gum. The compound was crystallised in hot acetonelbenzene to give 
the product as light-brown crystals; mp 203-204 'C; (Found: MH', 153.0002. 
C4H30ýF2 requires: 152.9999,1.9 PPM); Vmax /CM-1 (KBr) 3526,1986,1707,1448, 
1346,1290,1233,1143,1073,912,886,830,764,671,618 and 493; 8H (CD3CN) 5.5 
(2H, AA'XX',, J 45.3 Hz, J 31.2 Hz, J -8.8 Hz, J 1.6 Hz, CHF); 8c (CD3CN) 87.1 (dd, 
J 190.7 Hz, J 21.0 Hz); BF (CD3CN) -202.0 (AA'XX', J 45.3 Hz, J 31.2 Hz, J -8.8 
Hz, J 1.6 Hz); m1z (Cl+) 155.02 (M+H+). 
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3.2.8 Preparation of methyl erythro 2,3-difluoro-3-phenylpropionate 134 
0"" 
A mixture of erythro and threo 1,2-difluoro-2-phenylpropionic acid was obtained 
after ozonolysis from ether extraction of the crude product as described in 3.16. The 
combined organic extracts were dried overMgS04 and concentrated under reduced 
pressure. The residue was dissolved in dry methanol and heated under reflux for 12 h 
in the presence of Dowex 50WX8-400 ion-exchange resin (50 mg). The resin was 
filtered and the filtrate concentrated en vacuo to give a crude product, which was 
purified over silica gel (hexane/diethyl ether 10: 1) to afford the title compound 
(ms321) as a colourless oil, (Found: M+Na', 223.0543. C, oHl002F2Na requires 
223.05479 -1.5 ppm); v.. /cm-' (KBr) 3039,2958,2927,2854,1770,1748,1455, 
1440,1363,1300,1288,1270,1220,1123,1037,1015,718,699 and 558; 8H 
(CDC13) 7.4-7.2 (5 H, m, Ar-H), 6.0-5.7 (1 H, ddd, J 44.0 Hz, J 20.7 Hz, J 3.6 Hz, Ph- 
CHF), 5.2-4.9 (IH, ddd, J 49.2 Hz, J 12.5 Hz, J 3.6 Hz, CO-CHF) and 3.7 (3H, s, 
OCH3); 8C (CDC13) 129.9,129.0,127.0,126.9 (Ar-C), 92.2 (dd, J 180.8 Hz, J 21.6 
Hz, CHF), 89.9 (dd, J 195.2 Hz, J 27.9 Hz, CHF) and 53.1 (s, CH30); 
8F (CDC13) - 
187.6 (ddd, J -15.4 Hz, CHF), -203.1 (ddd, J 15.4 Hz, CHn; mlz (EI): 
200 (M', 2), 
180 (35), 149 (21) and 109 (100). 
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3.2.9 Preparation of methyl threo 2,3 -difluoro- 3 -phenylpropion ate 135 
IIIi1hT 
The title compound was isolated from the mixture of erythro and threo 
diastereoisomers after separation over silica gel (hexane/diethyl ether 10: 1), mp 48-49 
(Found: M+Na+, 223.0548. ClOH1002F2Na requires 223.0547,0.1 PPM); Vmax /CM-1 
(KBr) 3040,2955,2851,1769,1745,1494,1455,1437,1360,1294,1222,1127, 
1081,1028,766,714,633 and 577; 81, (CDC13) 7.4-7.3 (5 H, m, Ar-H), 6.0-5.7 (IHý 
ddd, J 44.6 Hz, J 23.6 Hz, J 2.8 Hz, Ph-CHF), 5.5-5.2 (IH, ddd, J 46.9 Hz, J 26.1 Hz, 
J 2.8 Hz, CO-CHF) and 3.8 (3 H, s, OCH3); 
SC (CDC13) 129.8,129.1,129.0,126.7ý 
126.6 (Ar-C), 92.3 (dd, J 182.4 Hz, J 19.4 Hz, CHF), 90.2 (dd, J 197.0 Hz, J 23.5 Hz, 
CHF) and 53.2 (Si, CH30); 8F (CDC13)- 192.7 (ddd, J- 10.1 Hz, CHF) ý -206.3 
(ddd, J 
10.1 Hz, CHF); mlz (EI): 200 (M', 2), 180 (30), 149 (22) and 109 (100). 
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3.2.10 Ethyl 2,3-difluoro-3-[3,5-dimethoxyphenyl]propionate 156 
Ethyl fluoroacetate (0.1 g, I mmol) was added to a solution 3,5- 
dimethoxybenzaldehyde (0.17 g, I mmol) in dry THF (2 cm 3 ). The reaction mixture 
was cooled to -78 'C and a 2M solution of LDA (0.5 cm 391 mmol) in hexane was 
added dropwise under nitrogen. The temperature was elevated to -20 'C and the 
reaction mixture was stiffed at ambient temperature for 12 h. Aqueous ammonium 
chloride solution (I cm 
3) 
was added, the mixture diluted with H20 (10 CM3 ) and 
extracted into diethyl ether (3 x 10 cm 3) . The combined organic extracts were washed 
with brine and dried overMgS04. Evaporation of the solvent gave the fluorohydrin 
155 as yellowish oil, which was used without further purification for the next step. A 
solution of this product in dry dichloromethane (I cm 3) was cooled to -78 'C and 
Deoxo-FluorTm reagent 250 (0-2 cm 311.5 mmol) was then added dropwise via syringe 
under nitrogen. The reaction was stirred at ambient temperature for 12 h, then diluted 
with diethyl ether (10 cm 3) and cold 10% sodium bicarbonate solution (10 cm 3) was 
added slowly. The phases were separated, and the organic layer washed with IN HCI 
x 10 CM), saturated sodium bicarbonate solution 
(10 CM3 ) and brine (10 CM). 
Drying withMgS04 and removal of the solvent gave a crude product (100mg, 42%), 
that was purified over silica gel (hexane/Et2O 2: 1) to afford the title compound 
(ms5l3) as a yellow liquid. Ethyl threo 2,3-difluoro-3-[3,5-dimethoxyphenyll- 
propionate, (Found: M+Naý, 297.0914. 
C13Hl6N202F2Na requires 297.0914, -0.1 
ppm); 8H (CDC13) 6.5-6.3 (3H, m, Ar-H), 5.8 (IH, ddd, J 44.5 Hz, J 23.6 Hz, J 2.8 
Hz, Ph-CHF), 5.0 (IH, ddd, J 44.5 Hz, J 26.4 Hz, J 2.8 Hz, CO-CHF), 4.2 (2H, q, J 
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7.1 Hz, OCHA 3.7 (6H, s, 2x OCHA and 1.2 (6H, t, J Hz, 2x CH3); 
8C (CDC13) 
161.4 (C=O), 104.9,104.5,101.6 (Ar-C), 92.4 (dd, J 183.3 Hz, J 19.6 Hz, CHF), 90.2 
(dd, J 197.4 Hz, J 23.2 Hz, CHF), 62.7 (OCH2Me), 55.8 (OCH3) and 14.4 (CH3); 
8F 
(CDC13)-193.2 (ddd, J 44.5 Hz, J 26.4 Hz, -10.1 Hz, PhCHF), and -205.6 (ddd, J 
44.5 Hz, J 23.6 Hz, J -10.1, COCHT); m1z (ESI): 297.10 (M', 2). 
Ethyl erythro 2,3-difluoro-3-[3,5-dimethoxyphenyl]propionate, (Found: M+Naý, 
297.0914. C13Hi6N2O2F2Na requires 297.0914, -0. Ippm); 811 (CDC13) 6.5-6.3 (3H, m, 
Ar-H), 5.7 (IH, ddd, J 44.3 Hz, J 28.0 Hz, J 3.6 Hz, Ph-CHF), 5.2 (IH, ddd, J 49.4 
Hz, J 20.8 Hz, J 3.6 Hz, CO-CW, 4.2 (2H, q, J Hz, OCHA 3.7 (6H, s, 2x OCHA 
and 1.2 (6H, t, J Hz, 2x CH3); 
8C (CDC13) 16t. 2 (C=O), 104.8,104.4,101.6 (Ar-C), 
92.1 (dd, J 181.9 Hz, J 22.1 Hz, CHF), 89.8 (dd, J 194.9 Hz, J 27.4 Hz, CHF), 62.5 
(OCH2Me), 55.8 (OCH3) and 14.4 (CH3); 
SF (CDC13)-l 87.9 (ddd, J 44.3, J 28.0, J- 
15.1, PhCHF), and -202.5 (ddd, J 49.4, J 20.81, -15.9, COCHF); m1z 
(ESI): 297.04 
(M+Ne). 
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3.2.11 Preparation of diethyl erythro 2,3-difluorosuccinate 159 
, -0 "= 0-ýý 
Erythro 2,3-difluorosuccinic acid 130 (0.208 g, 1.0 mmol) was heated under reflux in 
dry ethanol (20 CM) in the presence of Dowex 50WX8-400 ion-exchange resin (0.1 
g) for 24 h. The resin was filtered off and excess solvent removed by evaporation. The 
residue was purified over silica gel (hexane/Et201 0: 1) to give the compound (0.14 gq 
91%) as a clear colourless liquid, (Found: MH', 211.079231. C8H1304F2 requires 
MH, 211.078191 ppm); v.. /cm-1 (film) 2986,2946,2908,1765,1746,1462,1376, 
1299,1217,1124,10949 1026,856 and 679; 8H (CDC13) 5.30 (2H, AA'XX', J 48.0 
Hz, J 21.5 Hz, J -14.0 Hz, J 1.9 Hz, 2x CHF), 4.2 (4H, q, 
J 7.2 Hz, 2x OCH2), 1.2 
(6H, t, J 7.2,2 x OCH2CH3); 8c (CDC13) 88.3 (dd, J 196.8 Hz, J 23.2 Hz, CHF), 63.0 
(OCHA, 14.4 OCH2CH3; BF (CDC13)-202.0 (AA'XX', J 48.0 Hz, J 21.5 Hz, J -14.0 
Hz, J 1.9 Hz, 2x CHF); mlz (EI): 210 (1), 183 (17), 165 (29), 137 (71), 109 (17), 90 
(50), 73 (30) and 45 (25). 
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3.2-12 Preparation of NN'-dibenzyl erythro 2,3-difluorosuccinamide 161 
HF0 
0FH 
Benzylarnine (0.43 g, 4.0 mmol) and HOBt (0.54 g, 4.0 mmol) were added to a 
solution of 2,3-difluorosuccinic acids 118 (0.31 g, 2.0 mmol) in DMF (10 CM3 ) at 
ambient temperature. The reaction mixture was cooled to 0 OC, and a solution of EDC 
(0.84 g, 4.2 mmol) in CHC13was added slowly. The reaction mixture was stiffed for 
24 h at ambient temperature. The n-fixture was then quenched with H20 (10 CM3 ) and 
extracted into ethyl acetate (3 x 10 CM3 ). The combined organic extracts were washed 
with IN HCl (2 x 10 CM), saturated sodium bicarbonate solution (10 CM) , and brine 
(10 CM) 
. The solvent was 
dried Over MgS04 and removed under reduced pressure to 
give the product (0.155 g, 93%) as a mixture of stereoisomers. Separation by flash 
chromatography yielded the erythro isomer as a white solid, mp 159-160 T (Found: 
C, 64.85; H, 5.32; N, 8.42. C18Hl8F2N202 requires: C, 65.05; H, 5.46; 8.43 N%); V.,, 
/cm-' (KBr) 3287,3101,3070,30341,2933,2434,1662,1555,1455,1068,1045,1003, 
747 and 695; SH (CDC13) 7.4-7.2 (10 H, m, Ar-H), 6.6 (2 H, m, NH), 5.4 (2 H, 
AA'XX', J 48.4 Hz, J 24.8 Hz, J -11.9 Hz, J 2.1 Hz, 2x CHF) and 4.5-4.3 (4H, m, 
Ph-CH2); 8c (CDC13) 137.5,129.2,128.21.128.1 (Ar-C) and 91.2 Hz (J 197.4 Hz, J 
22.7 Hz, 2x CHF); 8F (CDC13) -199.8 (2 F, AA'XX', J 48.4 Hz, J 24.8 Hz, J -11.9 
Hz, J 2.1 Hz, CHF); m1z (ESI-) 331.34 (M-H'). 
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3.2.13 Preparation of NN'-dibenzyl threo-2,3-difluorosuccinamide 162 
HF0 
Benzylamine (0.43 g!, 4.0 mmol) and HOBt (0.54 g, 4.0 mmol) were added to a 
solution of 2,3-difluorosuccinic acid (0.31 g, 2.0 mmol) in DMF (10 CM3 ) at ambient 
temperature. The reaction mixture was cooled to 0 OC, and a solution of EDC (0.84g, 
4.2 mmol) in CHC13was added slowly. The reaction mixture was stir-red for 24 h at 
room temperature. H20 (10 CM 
3) 
was added and the mixture extracted into ethyl 
acetate (3 x 10 cm 3) . The combined organic extracts were washed with 
IN HCI (2 x 
10 CM), saturated sodium bicarbonate solution 
(10 CM) 
, and brine (10 cm). The 
solvent was dried overMgS04 and removed under reduced pressure to give the 
product (0.155 g, 93%) as a mixture of stereoisomers. Separation by Rash 
chromatography yielded the threo isomer as an amorphous white solid, mp 133-147 
'C; (Found: C, 65.00; H, 5.50; N, 8.41. C18Hl8F2N202 requires: C, 65.05; H, 5.46; 
8.43 N%)-, Vmax /CM-1 (KBr) 3324,1666,1554,1495,1455,1430,1363,1295,12479 
1116,1086,1073,1048,1028,862,825,737,700,620 and 575; 8H (CDC13) 7.4-7.2 
(10 H, m, Ar-H), 6.7 (2 H, m, NH), 5.3 (2H, AA'XX9, J 46.0 Hz, J 31.3 Hz, J -12.6 
Hz, J 2.0 Hz, 2x CHF), 4.5-4.3 (4H, m, Ph-CH2); Sc (CDC13) 137.4,129.2,128.2, 
128.1 (Ar-C) and 90.0 (dd, J 198.5 Hz, J 21.0 Hz, 2x CHF); 8F (CDC13) -207.1 
(AA'XX 1) ,J 46.0 
Hz, J 31.3 Hz, J- 12.6 Hz, J 2.0 Hz, CHF). 
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3.2.14 Preparation of II- [N-butoxycarbonyl] aminoundecanoic acid 168 
00 
>ýo 
OH H 
2N NaOH (15 CM) was added to a solution of 11-aminoundecanoic acid (2.0 g, 10 
mmol) in dioxane (15 CM) . The reaction was cooled to 0T and tert-butoxycarbonyl 
anhydride (2.5 CM3, II mmol) was added. The mixture was stirred for 3h and then 
acidified with IN HCl under cooling in an ice-bath. A white precipitate was obtained 
which was purified over silica gel (hexan/diethyl ether 1: 1) to obtain the product 
(ms534) as an amorphous white powder (1.84 g, 61%), mp 67-68 'C; (Found: C, 
63.92; H, 10.53; N9 4.50. C16H31NO4 requires: C, 63.76; H, 10.37; 4.65 N%); v... 
/cm-' (KBr) 3370,2986,2920,2853,1687,1522,1470,1281,1239,1173,1010,936, 
870,782,722 and 594; 81, (CDC13) 4.6 (IH, m, NH), 3.1 (2H, m, NCH2), 2.3 (2H, t, J 
7.4 Hz, CH2C02Me), 1.6 (2H, m, CH2CH2CO2Me), 1.4 (9H, s, C(CH3)3), 1.3 (12H, 
m, 7x CH2); 
8C (CDC13) 179.8 (C02Me), 15 6.5 (C02'Bu), 80.0 (C(CH3)3), 41.0 
(NCH2), 34.5 (CH2CO2Me), 30.4,29.8,29.7,29.6,29.6,29.4 (6 x CHA 28.8 
(C(CI13)3,27.1 and 25.1 (2 x CH2); M/Z(ESI, -ve): 300.143 (M-H+). 
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3.2.15 Synthesis of methyl I 1-[N-butoxycarbonyllaminoundecanoate 169 
Methyl iodide (0.54 g, 3.8 mmol), followed by solid sodium hydrogen carbonate (0.32 
g, 3.8 mmol) were added to a solution of the Boc-protected aminoacid (1.14 g, 3.8 
mmol) in dry DMF (15 cm 3) . The reaction mixture was stirred for 12 h at ambient 
temperature and then quenched into H20(30 cm 3) . The suspension was extracted into 
diethyl ether (3 x 30 cra 3) and the combined organic extracts were washed with H20, 
brine and then dried overMgS04. The crude product (ms536) was purified over silica 
gel (diethyl ether/hexane 1: 5) to afford the desired compound (0.46 g, 38%) as 
colorless gum, (Found: M+Na', 338.2305. C17H33NO4Na requires 338.2304, -0.7 
ppm); v..,, /cm-1 (KBr) 2956,2930,2854,1670,1648,1456,1428,1360,1301,128% 
1273,1215,1038,1014,708,689 and 548; 8H (CDC13) 4.9 (IH, m, NH), 3.6 (3H, 
OCHA 3.0 (2H, m, NCH2), 2.2 (2H, t, J 7.1 Hz, CH2COOMe), 1.6 (2H, m, 
CH2CH2COOMe), 1.4 (9H, s, Boc-CHA, 1.2 (14H, m, 7x CHA 
SC (CDC13) 174.4 
(COOMe), 156.0 (NHCOO'Bu), 78.9 (C(CH3)3), 5 t. 6 (OCHA 40.8 (NHCH2), 34.3 
(CH2COOMe), 29.7,29.6,29.5,29.4,29.3 (CH2), 28.7 (CH3)31 27.0 (CH2) and 25.2 
(CH2); M/Z(ESI, +ve): 337.992 (M+Na+). 
Removal of the Boc-group, to form the ammonium chloride salt 170 was achieved by 
treatment of the parent compound with HCI-etherate for 12 h at ambient temperature, 
m1z (ESI +ve) 216 (M+, 100). 
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3.2.16 Preparation of methyl erythro ll-[2,3-Difluoro-3-(10-methoxy- 
carbonyl-decylcarbamoyl)-propionylamino]-undecanoate 171 
HF00 
Me N, 
IIA ýOMe 
00FH 
Methyl. 11 -aminoundecanoate hydrochloride 170 (0.25 g, 1.0 nimol), neutralised with 
NMM (0.5 CM3,1.5 mmol) prior to addition, was added to a solution of erythro 2,3- 
difluorosuccinic acid 130 (0.77 g, 0.5 mmol) in DMF (5 cm 3 ). HOB t (0.14 g, 1.0 
mmol) was added and then a solution of EDC (0.40 g, 2.1 mmol) in CHC13 at 0 'C. 
The reaction mixture was stirred at room temperature for 24 h. 
H20 (10 CM 
3) 
was 
added and the mixture extracted into ethyl acetate (3 x 10 CM3) . The combined 
extracts were washed with IN HCI (2 x 10 cm 
3), saturated NaHC03 (2 x 10 cm 3) and 
brine (10 cm 3) . 
The solvent was dried over MgS04 and removed under reduced 
pressure to give the product (0.21g, 77%) as a colourless gel, (Found: M+ a+, 
571.3544. C28H5oN206F2Na requires 571.3535,1.6 ppm); Vmax 
/CM-1 (KBr) 3299, 
2927,2853,1737,1664,1553,1468,1438,1370,1272,1208,1175 and 1115; 811 
(CDC13) 6.4 (2H, m, NH), 5.3 (2H, AA'XX', 2x CHF), 3.6 (3H, s, OCHO, 3.2 (4H, 
m, NH-CH2), 2.2 (t, J 7.6 Hz, CH2COOMe), 1.5,1.2 (32H, m, 16 x CH2); 
8c (CDC13) 
174.7 (s, COOMe), 165.0 (m, CONH), 91.1 (dd, J 197.1 Hz, J 22.7 Hz, 2x CHF), 
51.8 (OCH3), 39.7 (NHCH2)1,34.4,29.8,29.7,29.6,29.6,29.5,29.3,, 27.1 and 25.2 (s, 
CHA 8F(CDC13)-199.6 (AAXX', J 46.4 Hz, J 24.5 Hz, J -11.9 Hz, J 2.1 Hz, CHF); 
m1z (ESI, +ve): 571.20 (M+Na+). 
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3.2.17 Preparation of methyl threo 
Synthetic protocols 
II- [2,3-Difluoro-3-(l O-methoxy- 
carbonyl-decylcarbamoyl)-propionylamino]-undecanoate 172 
HF00 
MeO 
ý, 
ýGme 
00FH 
Methyl II -aminoundecanoate hydrochloride 170 (0.18 g, 0.72 rmnol) was added to a 
solution of threo 2,3-difluorosuccinic acid 132 (0.5 g, 0.3 nimol) in DMF (5 cm 3) 9 
which had been neutralised prior to addition with NMM (0.15 CM3,0.5 mmol). HOBt 
(0.9 g, 0.72 mmol) was added and a solution of EDC (0.19 g, 1.0 mmol) in CHC13 (2 
cm 
3) 
at 0 'C. The mixture was stirred at room temperature for 24 h, then H20(10 
cm 3) was added and the mixture extracted into ethyl acetate (3 x 10 CM3) . The 
combined extracts were washed with IN HCI (2 x 10 cm 3), saturated NaHC03 (2 x 
10 Cm 
3) 
and brine (10 cm3). The solvent was dried overMgS04 and removed by 
evaporation to give a crude product. The material was purified over silica gel to give 
the product as a colourless gum (0.418g, 90%), (Found: M+Na+, 571.3525. 
CMH50N20ýF2Na requires 571.3535, -1.7 ppm); V... /cm-1 (KBr) 3329,2920,2852, 
1736,1663,1559,1457,1438,1240,1210,1177,1120,1046,881,823,723 and 604; 
SH (CDC13) 6.5 (2 H, m, NH), 5.4 (2H, AA'YX), J 44.8 Hz, J 30.9 Hz, J- 12.1 Hz, J 
1.9 Hz, 2x CHF), 3.6 (3 H, s, OCH3), 3.3 (4H, m, NH-CH2), 2.2 (t, J 7.6 Hz, 
CH2COOMe), 1.5,1.2 (32H, m, 16 x CHA 
8C (CDC13) 174.7 (s, COOMe), 165.7 (m, 
CON-H), 89.9 (dd, J 198.3 Hz, J 20.6 Hz, 2x CHF), 51.8 (OCHA 39.8 (NHCHA 
34.4,29.7,29.65,29.55,29.5,29.45,28.8,27.0 and 25.3 (s, CHA BF(CDC13)-207.5 
(AA'XX9, CHT); m1z (ESI-) 571.112 (M+Na+). 
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3.2.18 Synthesis of erythro ll-[2,3-Difluoro-3-(10-carboxyl-decyl- 
carbamoyl)-propionylaminol-undecanoic acid 173 
A solution of erythro 2,3-difluorosuccinamide 171 (0.2 g, 0.36 mmol) in acetone (5 
cm 
3) 
and IN HCl (5 CM3) was heated under reflux for 48 h. The solvent was removed 
under reduced pressure, and the remaining yellow salt was recrystallised in acetone 
(10 CM) to give the pure product as white powder (0.16 g, 83%), mp 138-141 'C; 
v... /cm-' (KBr) 3315,3059,2919,2850,1699,1665,1560,1469,1290,1246,1219, 
1119,1047,924,823,722 and 606; 8H (DMSO) 8.3 (2H, m, NH), 5.4 (2H, AA'XX', 
J 46.4 Hz, J 24.7 Hz, J -11.8 Hz, J 1.8 Hz, 2x CHF), 3.4 (3H, s, OCHA 3.0 
(4H, m, 
NH-CH2), 2.2 (t, J 7.6 Hz, CH2COOMe), 1.5 and 1.2 (32H, m, 16 x CHA 
8C 
(DMSO) 171.8 (s, COOH), 168.8 (s, COOH), 164.2 (m, CONH), 90.1 (dd, J 193.4 
Hz, J 23.3 Hz, 2x CHF), 38.7 (NHCH2),, 38.4 (NHCH2), 33.6,29.1,28.9,28.8,28.7, 
28.5,26.9,26.4,26.3,26.2,25.8, and 24.5 (s, CH2); SF(DMSO) -199.3 (2F, AA'XX', 
CHT); m1z (ESI-) 543.22 (M+Naý). 
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3.2.19 Preparation of threo ll-[2,3-Difluoro-3-(10-carboxyl-decyl- 
carbamoyl)-propionylamino]-undecanoic acid 174 
HF00 
"N" ýOH 
I 
0FH 
A solution of threo 2,3-difluorosuccinamide (0.4 g, 0.73 mmol) in acetone (5 cm') 
and IN HCI (5 CM3) was heated under reflux for 48 h. The solvent was removed by 
evaporation to give the crude product as a yellow salt. The solid was recrystallised in 
hot acetone (5 CM) to give the pure product as white powder (0.35 g, 92%), mp 145- 
146 T (Found: C, 59.69; H, 9.14; N, 5.29. C26H4606N2F2requires: C, 59.98; H, 8.90; 
5.38 N%); v.. _, 
/cm-' (KBr) 3318,2918,2850,1698,1665,1557,1470,1436,1289, 
1119,1946,925,823,722 and 604; 8H (DMSO) 8.4 (2H, m, NH), 5.3 (2H, AA'XX', 
J 45.0 Hz, J 31.5 Hz, J -12.1 Hz, J 2.2 Hz, 2x CHF), 3.1 (4H, m, NH-CH2), 2.2 (t, J 
7.6 Hz, CH2COOH), 1.4 and 1.2 (32 H, M, 16 x CH2); 
8C (DMSO) 174.9 (s, COOH), 
165.3 (m, CONH), 89.6 (dd, J 195.9 Hz, J 20.5 Hz, 2x CHF), 38.8 (NHCH2), 34.0, 
29.3,29.3,29.3,29.1,29.1,28.9,26.6 and 24.9 (s, CH2); 
BF (DMSO) -206.6 (2 F, 
AA'XX', CHn. 
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3.2.20 Preparation of NN'-dipropenyl 2,3-difluorosuccinamides 175,176 
Allylamine (0.3 g, 2.0 mmol) and HOBt (0.54 g, 4.0 mmol) were added to a solution 
of erythro and threo 2,3-difluorosuccinic acids 118 (0.31 g, 2.0 mmol) in DMF (10 
cm 3) at ambient temperature -A solution of EDC (1.15 g, 6.0 mmol) in CHC13 (2 cm 
3) 
was added at 0 'C and the reaction mixture was stirred at ambient temperature for 24 
h. H20 (20 CR13) was then added and the mixture extracted with ethyl acetate (3 x 10 
CHI 3) - The combined extracts were washed with IN HCI (2 x 10 CM3), saturated 
NaHC03 (2 x 10 cm 3 ), and brine (10 cm 3 ). The solvent was dried over MgS04 and 
removed by evaporation give the crude product (0.418 g, 90%). The material was 
purified by Rash chromatography to give the threo isomer as the major compound,, 
(Found: M+Naý, 255.0923. C, oHl4N202F2Na requires 255.0921,0.9 ppm); SH 
(CDC13) 6.6 (2 H, m, NH), 5.8 (IH, m, CH2=CH), 5.4 (2 H, AAXX', J 45.7 Hz, J 
31.3 Hz, J 1.5 Hz, J -12.8 Hz, 2x CIIfl, 5.2 (2 H, m, CH2=CH), 3.9 (4H, m, NH- 
CH2); 8c (CDC13) 165.6 (d, J 12.0 Hz, C=O), 133.4 (CH=CH2), 117.4 (CH=CH2),, 
90.1 (dd, J 198.7 Hz, J 21.0 Hz) and 42.0 (NH-CH2); 8F(CDC13)-207.5 (AA'XX", J 
45.7 Hz, J 31.3 Hz, J 1.5 Hz, J -12.8 Hz, CHF); m1z (ESI-) 255.04 (M+Na). The 
erythro isomer was obtained as the minor compound in the reaction, 8H (CDC13 6.4 
(2H, m, NH), 5.8 (1 H, M, CH2=CH), 5.3 (2 H, AA'XX', J 48.3 Hz, J 24.7 Hz, J- 
11.8 Hz, J 2.2 Hz, 2x CHF), 5.2 (2H, m, CH2=CH), 3.9 (4H, m, NH-CH2); 8c 
(CDC13) 165.0 (m, C=O), 133.5 (CH=CH2)9 117.5 (CH=CH2)7 91.3 (dd, J 196.8 Hz, J 
22.7 Hz) and 42.9 (NH-CH2); BF(CDC13) -199.8 (AA'XX", J 48.3 Hz, J 24.7 Hz, J- 
11.8 Hz, J 2.2 Hz, CHT). 
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3.2.21 Preparation of (2R, 3S) MeO-(S)-Ala-2,3-difluorosuccinyl-(S)-Ala- 
OMe 209 
H 
0F0 
H3CO"-jr 
NN OCH3 
Yt"I Hj CH3 0F0 
L-alanine methyl ester hydrochloride 223 (150 mg, 1.1 mmol), and HOBt (150 mg, 
1.1 mmol) were addad to a solution of erythro 2,3-difluorosuccinic acid 130 (75 mg, 
0.5 mmol) in DMF (2 cm). A solution of EDC (200 mg, IA mmol) in ýCHC13 (2 cný) 
added dropwise at 0 'C, and the reaction mixture was stirred at ambient temperature 
for 24 h. H20 (10 cm) was added and the mixture extracted into ethyl acetate (3 x 10 
cm). The combined organic extracts were washed with IN HCl (10 cm), saturated 
sodium bicarbonate solution (10 cm), and brine (10 cra), dried overMgS04and the 
solvent removed under reduced pressure. The crude product was purified over silica 
gel (hexane/ethyl acetate 1: 1) to give the product as colourless gum (31 mg, 22%), 
(Found: M+Na+, 347.1027. C12HI806N2F2Na requires 347.1031, -1.1 ppm); NCID - 
50.0 (c 0.2, CH30H); v..,, /cm-1 3332,2988,2936, t740, t686,1677, t54t, t452, 
1449,1207,1115,1056,853,780,750, and 625; 8H(CDC13) 7.0 (IH, m, NH), 6.8 
(IH, m, NH), 5.5-5.2 (2H, m, J 48.0 Hz, J 23.0 Hz, J -12.0 Hz, J 1.3 Hz, 2x CHF),, 
4.6 (2H, m, 2x CH), 3.7 (3H, s, OCHA 3.7 (3H, s, OCHA 3.4 (3H, d, J 3.6 Hz, 
CHA 3.4 (3H, d, J 3.6 Hz, CHO; 8c (CDC13) 172.7 (S, C02Me), 172.6 (S, C02Me), 
92.0 (dd, J 197.0 Hz, J 22.0 Hz), 89.0 (dd, J 197.0 Hz, J 22.0 Hz), 53.0 (s, CH), 52.7 
CH), 48.2 (t, OCH3), 48.1 (s, OCHA, 18.4 (d, CHA, 18.2 (d, CH3); 8F(CDC13) - 
201.0 (m, CHF), -199.7 (m, CHF); m1z ý(ESI) 
347.00 (M+Na+, 40), 325.01 (M+H+, 
100), 293.00 (M-OCH3ý 72), 265.02 (M-C02CH3,55). 
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3.2.22 Preparation of (2R, 3S)-MeO-(S)-Phe-2,3-difluorosuccinyl-(S)-Phe- 
OMe 210 
0 
H 
N 
H3CO 
13 
L-phenylalanine methyl ester hydrochloride 213 (115 mg, 0.52 mmol), pyridine (0.05 
cm 3,0.6 mmol) and HOBt (70 mg, 0.52 mmol) were added to a solution of erythro 
2,3-difluorosuccinic acid 130 (40 mg, 0.26 mmol) in DMF (2 cm 3) .A solution of 
EDC (100 mg, 0.52 mmol) in CHC13 (2 CM) was added dropwise at 0 'C and the 
reaction was stirred at room temperature for 24 h. H20 (10 CM 
3) 
was then added and 
the mixture extracted into ethyl acetate (3 x 10 CM) . The combined organic phases 
were washed with IN HCI (10 CM), saturated sodium bicarbonate solution (10 CM) 1) 
and brine (10 CM3) , dried over 
MgS04 and the solvent removed under reduced 
pressure. The crude product was purified over silica gel (hexane/ethyl acetate 1: 1) to 
give a colourless gum (70 mg, 57%), (Found: M+Naý, 499.1661. 
C24H2606N2F2Na 
requires 499.1657); [a]D+ 15.4 (c 1 . 
0, CH30H); v..., /cm-1 (film) 3429,3340,3029, 
2950,1741,1682,1530,1494,1434,1370,1215,1153,1098,1058,833,744,702 
and 636; BH(CDC13) 7.3-7.0 (10H, m, Ar-H), 6.8 (IH, m, NH), 6.7 (IH, m, NH), 5.5- 
5.1 (2H, m, J 48.0 Hz, J 23 Hz, J -12.0 Hz, J 1.3 Hz, 2x CHF), 4.9 (2H, m, 2x CH), 
3.7 (3H, s, CH3), 3.6 (3H, s, CH3), 3.1 (4H, m, 2x CH2Ph); 8c (CDC13) 171.5 
C02Me), 171.4 (s, C02Me), 135.8 (q, Ar-C), 135.7 (q, Ar-C), 129.8,129.6,129.1ý 
129.0,127.7,127.6 (t, Ar-C), 90.8 (dd, J 196.8 Hz, J 21.6 Hz), 90.6 (dd, J 197.4 Hz, J 
21.6 Hz), 53.6 (s, CH), 53.2 (s, CH), 52.9 (t, OCH302.8 (s, OCHA 3 8.3 (d, CH2Ph),, 
38.1 (d, CH2Ph); 8F (CDC13) -200.4 (m, CHF), -201.1 (m, CHF); m1z (ESI) 498.99 
(M+Naý, 100), 477.00 (M+H+, 90). 
221 
Chapter 3.2 Synthetic protocols 
3.2.23 Preparation of MeO-(S)-Val-2,3-difluorosuccinyl-(S)-ValOMe 211 
F0 
H3C Nq, ý 
OCH3 
0 
0 
L-valine methyl ester hydrochloride (184 mg, 1.1 mmol), pyridine (0.1 CM3,1.2 
mmol) and HOBt (150 mg, 1.1 mmol) were added to a solution of erythro 2,3- 
difluorosuccinic acid 130 (75 mg, 0.5 mmol) in DMF (2 cm 3) .A solution of EDC 
(200 mg, 1.1 mmol) in CHC13 (2 cm 3) added dropwise at 0 'C. The reaction mixture 
was stirred at ambient temperature for 24 h. H20 (10 CM 
3) 
was added and the mixture 
extracted into ethyl acetate (3 x 10 cm 3) . The combined organic extracts were washed 
with 1N HCI (10 cm 
3 ), saturated sodium bicarbonate solution (10 CM) , and brine (10 
cm 3) , dried overMgS04 and the solvent removed under reduced pressure. The crude 
product was purified over silica gel (hexane/ethyl acetate 1: 1) to give the product as 
colourless gum (100 mg, 51%), (Found: M+Naý, 403.1650. C16H2606N2F2Na requires 
403.1657, -1.7 ppm); 
[(XID- 29.6 (c 1.0, CH30H); Vma--/CM-1 (film) 3420,2960,2356, 
1739,1685,1525,1437,1371,1313,1270,1205,1147,1053,1000,772 and 668; 61F, 
(CDC13) 6.8 (2H, m, 2x NH), 5.4 (2H, m, J 48.0 Hz, J 25.0 Hz, J 12.0 Hz, J 1.3 Hz, 2 
CHF), 4.5 (2H, m, NCH), 3.7 (3H, s, OCHA 3.7 (3H, s, OCHA 2.2 (2H, m, 
CH(CH3)2), 0-9 (3H, d, J 6.9 Hz, CHA 0.9 (6H, d, J 6.9 Hz, 2x CHA 0.9 (3H, d, J 
6.9 Hz, CH3); 8c (CDC13) 172.1 (S, C02Me), 171.8 (S, C02Me), 9 1.1 (dd, J 197.9 Hz, 
J 22.1 Hz), 90.9 (dd, J 196.5 Hz, J 22.1 Hz), 57.4 (s, NCH), 57.3 (s, NCH), 52.7 (t, 
OCHO, 52.6 (s, OCHA 31.9 (d, CH(CH3)2),, 31.7 (d, CH(CH3)2), 19.2 (CH3)i, 19-1 
(CHO!, 18.2 (CH3)9 18.0 (CH3); 8F (CDC13)-200.6 (m, CHF), -199.0 (m, CHF); m1z 
(ESI) 403.00 (M+Na+, 100), 381.04 (M+H+, 40), 349.03 (M-OCH3,26), 321.03 (M- 
C02Me, 62). 
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3.2.24 Preparation of MeO-(S)-Leu-213-difluorosuccinyl-(S)-LeuOMe 
212 
0F0 
H 
H3CO 
NN OCH3 
H 
0 
L-Ieucine methyl ester hydrochloride (200 mg, 1.1 mmol), pyridine (0.1 CM3,1.2 
mmol) and HOBt (150 mg, 1.1 mmol) was added to a solution of erythro 2,3- 
difluorosuccinic acid 130 (75 mg, 0.5 mmol) in DMF (2 CM3) .A solution of EDC 
(200mg, 1.1mmol) in CHC13 (2 cm 3) was added dropwise at 0 'C. The reaction 
mixture was stirred at ambient temperature for 24 h. H20 (10 CM 
3) 
was added and the 
mixture extracted into ethyl acetate (3 x 10 CM3) . The combined organic phases were 
washed with IN HCI (10 cm 
3), 
saturated sodium bicarbonate solution (10 CM) , and 
brine (10 CM) , dried overMgS04 and the solvent removed under reduced pressure. 
The crude product (ms306) was purified over silica gel (hexane/ethyl acetate 1: 1) to 
give the product as colourless gum (32mg, 16%), (Found: M+Naý, 431.1967. 
C18H3006N2F2Na requires 431.1970, -0.6 ppm); [OCID-44.2 (c 2.0, CH30H); vmax/cm-1 
(film) 3340,2952,1740,1682,1526,1436,1368,1275,1200,1147,1053,982,8315 
775 and 668; 8H(CDC13) 6.8 (1 H, d, J 7.9 Hz, NH), 6.7 (1 H, d, J 8.4 Hz, NH), 5.5 -5.2 
(2H, m, J 47.9 Hz, J 48.6 Hz, J 25.1 Hz, J 23.6 Hz, J 11.8 Hz, J 1.3 Hz, 2x CHF), 4.6 
(2H, m, 2x NCH), 3.7 (3H, s, OCHA 3.7 (3H, s, OCH3),, 1.6 (2H, m, CHA 1.6 (1 H, 
m, CH(CH3)2). ) 0.9 (3H, d, J 3.6 Hz, 
CHA 0.9 (3H, d, J 3.6 Hz, CHO; 8c (CDC13) 
173.2 (s, C02Me),, 173.0 (S, C02Me), 91 .0 (dd, J 196.3 Hz, J 21.6 
Hz), 90.7 (dd, J 
196.8 Hz, J 22.1 Hz), 52.9 (s, NCH), 52.8 (s, NCH), 51.0 (OCHA 50.9 (OCHA 41.8, 
41.7 (CH2), 25.2 (CI-13), 25.0 (CHA 23.1 (CH(CH3)2), 22.3 CHA 22.2 (CH3); 
8F 
(CDC13) -202.1 (m, CHF), -199.6 
(m, CHF); m1z (ESI) 431.04 (M+Naý, 100), 409.08 
(M+H+, 45), 377.07 (M-OCH3i, 15). 
223 
Chapter 3.2 
3.2.25 Preparation of (2S, 3S) 
PheOMe 214 
Synthetic protocols 
MeO-(S)-Phe-2,3-difluorosuccinyl-(S)- 
0F0 
H 
H3CO 
NN OCH3 
H 
0F 
L-phenylalanine methyl ester hydrochloride 213 (0.86 g, 4.0 mmol), and HOBt (0.54 
g, 4.0 mmol) were added to a solution of 2,3-difluorosuccinic acids 118 (0.3 g, 2.0 
mmol) in DMF (5 CM3). A solution of EDC (1.0 g, 5.0 mmol) in CHC13 (5 CM) was 
added dropwise at 0 'C, and the reaction mixture was stiffed at ambient temperature 
for 24 h. H20 (20 cm 3) was added and the mixture extracted into ethyl acetate (3 x 20 
cm 3) 
. The combined organic extracts were washed with 
IN HCI (20 CM), saturated 
sodium bicarbonate solution (10 cm 
3) 
, and 
brine (20 CM) , and the solvent was 
removed under reduced pressure. The crude product was purified over silica gel 
(hexane/ethyl acetate 1: 1), and the stereoisomers separated by preparative TLC 
(diethyl ether/dichloromethane 5: 1). The title compound gave a white powder, mp 76- 
79 T, (Found: M+Na+, 499.1673. C24H2606N2F2Na requires 499.1657); WID-58-0 (c 
1.0, CH30H); vm,, /cm-1 (KBr) 3254,3077,3023,1739,1663,1558,1495,1436, 
1343,1294,1188,1130,1050,1097,1001,743,692 and 606; 8H (CDC13) 7.3-7.0 
(I OH, m, Ar-H), 6.8 (2H, d, J 8.7, NH), 5.3 (2H, AAXX', J 46.1 Hz, J 30.5 Hz, J- 
12.0 Hz, J 1.3 Hz, 2x CHF), 4.9 (2H, m, 2x CH), 3.7 (6H, s, OCHA 3.1 (4H, m, 2x 
CH2Ph); Sc (CDC13) 171.4 (S, C02Me), 164.5 (s, CONH), 164.6 (s, CONH), 135.4 
(ipso-Ar-C), 129.7,129.1,127.7, (Ar-C), 89.8 (dd, J 199.6 Hz, J 20.5 Hz), 89.5 (dd, J 
199.0 Hz, J 19.9 Hz), 53.5 (s, CH), 53.0 (s, CH), 38.3 (d,, BnCH2); 8F(CDC13)-207.7 
(AAAX', J 44.4 Hz, J 32.6 Hz, J -12.2 Hz, J 2.8 Hz, CHF); m1z (ESI) 499.04 
(M+Na+, 100). 
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3.2.26 Preparation of (2R, 3R) MeO-(S)-Phe-2,3-difluorosuccinyl-(S)- 
PheOMe 215 
0F0 
H" 
H3CO 
NN OCH3 
H 
0F 
L-phenylalanine methyl ester hydrochloride 213 (0.86 g, 4.0 mmol), and HOBt (0-54 
g, 4.0 mmol) were added to a solution of 2,3-difluorosuccinic acids 118 (0.3 g, 2.0 
mmol) in DMF (5 cm 
3 ). A solution of EDC (1.0 g, 5.0 mmol) in CHC13 (5 CM3 ) added 
dropwise at 0 'C, and the reaction mixture stiffed at ambient temperature for 24 h. 
H20(20 cm 3) was added and the mixture extracted into ethyl acetate (3 x 20 CM). 
The combined organic phases were washed with IN HCI (20 CM) , saturated sodium 
bicarbonate solution (10 cm 3 ), and brine (20 CM3 ), dried overMgS04and the solvent 
removed under reduced pressure. The crude product was purified over silica gel 
(hexane/ethyl acetate 1: 1), and the stereoisomers separated by preparative thin layer 
chromatography (diethyl ether/dichloromethane 5: 1). The first stereoisomer eluting 
from the TLC was obtained as a white powder after removal of the solvent, mp 126- 
128 T, (Found: M+Na+, 499.1657. C24H2606N2F2Na requires 499-1657, -0.8 ppm); 
[(XID + 19.4 (c 1.0, CH30H); v... /cm-1 (film) 3269,2951,2922,2855,1749,16679 
1557,1537,1456,1436,1249,1215,1177,1128,1104,1042,748, and 700; 8H 
(CDC13) 7.2 (6H, m, Ar-H), 7.0 (4H, M, Ar-H), 6.8 (2H, d, J 8.7 Hz, NH), 5.3 (2H, 
AA'XX', J 45.6 Hz, J 30.9 Hz, J -12.3 Hz, J 1.4 Hz, 2x CHF), 4.8 (2H, m, 2x CH), 
3.7 (6H, s, CH3), 3.1 (4H, m, 2x CH2Ph); 8c (CDC13) 171.3 
(S,, C02Me), 165.6 (s, 
CONH), 164.6 (s, CONH), 135.6 (q, Ar-C), 129.5,129.2,127.8, (t, Ar-C), 89.4 (dd, J 
200.1 Hz, J 21.0 Hz), 89.2 (dd, J 199.6 Hz, J 20.5 Hz), 53.5 (s, CH), 53.0 (s, CH), 
38.2 (d, BnCH2); BF (CDC13) -207.7 (AA'XX', CHF); m1z (ESI) 499.03 (M+Na,, 
100). 
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3.2.27 Preparation of (2S, 3S) HO-(S)-Phe-2,3-difluorosuccinyl-(S)- 
PheOH 217 
0F0 
H 
HO 
N OH 
0F0 
A solution of diester 214 (78 mg, 0.2 mmol) in acetone (2 CM3 ) and 2N HCI (2 CM) 
was heated under reflux for 48 h. The solvent was removed with a continuos stream of 
air and the crystalline residue washed with H20 0 cm). Recrystallisation from 
acetone/CC14 gave the product as white crystals, mp 162-164 T, (Found: M+Na+, 
471.1341. C22H2206N2F2Na requires 471.1344, -0.6 ppm); 
[(XID 
-18.2' (c 1.0, 
CH30H); vmax/cm" (KBr) 3415,3320,3032,1725,1677,1542,1222,1192,1118, 
1055,816,739, and 701; 8H(CD3CN) 7.3-7.1 (10H, m, Ar-H), 5.2 (2H, AA'XX', J 
44.9 Hz, J 31.8 Hz, J -12.0 Hz, J 1.0 Hz, 2x CHF), 4.6 (2H, m, 2x CH), 3.1 (4H, m, 
2x CH2Ph); 8c (CD3CN) 170.9 (s, COOH), 165.2 (m, CONH), 136.2 (Ar-C), 129.0, 
128.19 126.5, (Ar-C), 89.1 (dd, J 197.4 Hz, J 19.9 Hz), 88.9 (dd, J 197.4 Hz, J 19.9 
Hz), 52.8 (s, CH), 36.1 (d, PhCH2); 8F(CD3CN) -208.7 (m, CHF); m1z (ESI) 471.06 
(M+Naý, 100), 463.10 (M+H', 90). 
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3.2.28 Preparation 
PheOH 218 
Synthetic protocols 
of (2R, 3S) HO-(S)-Phe-2,3-difluorosuccinyl-(S)- 
0F0 
H"rý 
N 
HO N 
H 
0F 
A solution of diester 210 (120 mg, 0.26 mmol) in acetone (2 cm) and 2N HCI (2 cm) 
was heated under reflux for 24 h. The solvent was removed with a continuos stream of 
air and the residue was washed with H20 (1.0 CM) to give a yellow solid. 
Recrystallisation from hot CHC13 gave the product as a white solid, mp 134-138 OC 
(Found: C, 58.65; H, 4.93; N, 6.29. C22H2206N2F requires: C, 58.93; H, 4.94; NI, 
6.25%); (Found: M-H+, 447.1371. C22H2,06N2F2requires 447.1368,0.6 ppm); NCID 
65.6' (c 0.5, CH30H); v..., /cm-1 (KBr) 3051,2937,2542,1737,1680,1534,1498ý 
1451,1410,1337,1223,1192,1119,1099,1068,1031,834,735 and 699; 8H 
(CD3CN) 7.4-7.2 (10H, m, Ar-H), 5.5-5.2 (2H, m, J 47.4 Hz, J 24.1 Hz, J -12.3 Hz, J 
1.3 Hz, 2x CHF), 4.7 (2H, m, CH), 3.3-3.0 (4H, m, CH2Ph; 8c (CD3CN) 170.9 (s, 
COOH), 170.8 (s, COOH), 136.4 (Ar-C), 136.3 (Ar-C), 129.1,128.9,128.1,128.09 
126.5,117.0 (Ar-H), 89.9 (dd, J 191.3 Hz, J 18.2 Hz, CHF), 89.7 (dd, J 194.6 Hz, J 
21.0 Hz, CHF), 52.8,52.7 (CH), 36.2 (CH2Ph), 36.1 (CH2Ph); 8F(CD3CN) -201.8 (m, 
CHF), -202.3 (m, CHF); m1z (ESI) 447 (M-H, 100). 
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3.2.29 Preparation of (2R, 3R) HO-(S)-Phe-2,3-difluorosuccinyl-(S)- 
PheOH 219 
0F0 
H 
N OH 
HO N 
"H 
0F0 
A solution of diester 215 (75 mg, 0.2 mmol) in acetone (2 CM3 ) and 2N HCI (2 cm) 
was heated under reflux for 48 h. The solvent was removed with a continuous stream 
of air and the residue washed with H20 0 CM 
3 ). Recrystallisation from hot CHC13 
gave the product as brownish crystals, mp 118-122 OC, (Found: M+Na', 471.1364. 
C22H2206N2F2Na requires 471.1344,4.4 ppm); [()C]D+31.5' (c 1.0, CH30H); V..,, /cm- 
1 (KBr) 3400.7,2959,2924,2851,1732,1682,1538,1456,1378,1262,1216,1134, 
1108,105 1, and 811; 8H (CD3CN) 7.1 (1 OH, m, Ar-H), 5.3 (2H, AA'XX', J 45.6 Hz, J 
31.1 Hz, J -10.0 Hz, J 2.5 Hz, 2x CHF), 4.6 (2H, m, 2x CH), 3.1 (4H, m, 
2x 
CH2Ph); 8c (CD3CN) 171.3 (s, COOH), 165.3 (dd, J 24.0 Hz, J 2.1 Hz, CONH), 
165.2 (dd, J 20.0 Hz, J 10.0 Hz, CONH), 136.8 (Ar-C), 129.4,128.5,127.0, (Ar-C), 
89.5 (dd, J 196.8 Hz, J 19.6 Hz), 89.2 (dd, J 196.8 Hz, J 19.6 Hz), 53.3 (s, CH), 53.2 
(s, CH), 36.6 (d, PhCH2); 8F(CD3CN) -208.8 (m, CHF); m1z (ESI) 471.04 (M+Naý, 
24), 242 (M-Phe-C02,100). 
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3.2.30 Preparation of MeO-(S)-Phe-succinyl-(S)-PheOMe 221 
00 
H 
H3CO 
NN OCH3 
H 
j 
OC 
0 
L-Phenylalanine hydrochloride 213 (6.9 g, 32 mmol) and HOBt (4.3 g, 32 mmol) was 
addad to a solution of succinic acid 87 (1.87 g, 16 nu-nol) in DMF (32 cm). The 
mixture was stirred until homogeneous and then a solution of EDC (6.1g, 32mmol) in 
CHC13 was added dropwise at 0 'C. The reaction mixture was stirred at ambient 
temperature for 16 h. The reaction was quenched with H20 (100 cm) and the mixture 
extracted into ethyl acetate (3 x 50 cmý). The combined organic extracts were washed 
with IN HCI (50 cm), saturated sodium bicarbonate solution (50 cmý), and brine (50 
cm 3 ), dried overMgS04 and removed under reduced pressure to give the crude 
product as yellow oil (3.5 g, 50%). Purification over silica gel (hexanes/diethyl 
ether/ethyl acetate 1: 5: 1) afforded the title compound as white solid, mp 177-179 OC 
(Found: M+Na+, 463.183I. C24H2806N2Na requires 463-1845, -3.1); [a]D+ 2.7 (c 1.0, 
CH30H); vmax/cm-1 (KBr) 3313,3064,3030,2952,1739,1644,1538,1436,1353, 
1279,1212,1177,1031,748,701,562,531 and 497; 8H (CDC13) 7.4-7.1 GOH, m, Ar- 
H), 6.5 (IH, m, NH), 4.9 (2H, m, 2x CH), 3.7 (3H, s, CHA 3.2-3.0 (4H, m,, 2x 
CH2Ph), 2.5 (4H, S, 2x CH2); 8c (CDC13) 172.1 
(S, C02Me), 171.7 (s, CONH), 135.9 
(Ar-C), 129.2,128.6,127.1 (Ar-C), 53.4 (CH), 52.3 (OCHA 37.8 (CH2Ph), 31.4 
(CH2); M/Z (ESI) 463.08 (M+Naý). 
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3.2.31 Preparation of HO-(S)-Phe-succinyl-(S)-PheOH 222 
0H 
OH 
HO 
N OH 
N 
H 
0 
A solution of the diester 221 (600 mg, 1.4 nunol) in acetone (5 cný) and IN HCl (5 
cný) was heated under reflux for 24 h. The solvent was removed with a continuous 
stream of air and the residue washed with H20 (I cm). Recrystallisation in 
acetonitrile gave the product as white crystals, mp 188-190 T (Found: M+Na+, 
435.1533. C22H2406N2Na requires 435.1532,0.1 PPM); NCID +22.5 (c 1.0, CH30H); 
vm. /cm-1 (KBr) 3349,3069,3029,2943,2602,2549,1725,1656,1613,1533,1496, 
1455,1352,1218,1192,1117,738,701,539 and 491; 8H(CD30D) 7.3-7.2 (10H, m., 
Ar-H), 4.6 (2H, m, 2x CH), 3.2-2.9 (4H, m, PhCH2), 2.4 (4H, s, 2x CH2); 
8C 
(CD30D) 174.7 (SI, C02H), 174.4 (s, CONH), 138.4 (Ar-C), 130.3,129.4,127.8 (Ar- 
55.1 (CH), 38.4 (CH2Ph), 32.0 (CH2); M/Z(ESI) 435.08 (M+Na, 100). 
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3.2.32 Preparation of (2R, 3S) MeO-(S)-Ala-(S)-Phe-2,3-difluorosuccinyl- 
(S)-Phe-(S)-AlaOMe 224 
qH3 0F00 
H H3CO NN .NNN 
AOCH3 
-rH 
H 
00F0 CH3 
L-alanine methyl ester hydrochloride 223 (140 mg, 1.0 mmol) and HOBt (135.0 mg, 
1.0 mmol) was added to a solution of diacid 218 (20 mg, 0.45 mmol) in DMF (2 cm). 
The mixture was stiffed for 10 min and then a solution of EDC (192 mg, 1.0 mmol) in 
CHC13 (2 cm 3) was added at 0 OC. The reaction was stirred at ambient temperature for 
12 h. H20 (10 cm) was added and the mixture extracted into ethyl acetate (3 x 10 
cm). The combined organic extracts were washed with IN HCl (10 cm), saturated 
sodium bicarbonate solution (10 cm), and brine (10 cm), dried over MgS04 and the 
solvent removed under reduced pressure. The crude product was purified by 
preparative TLC (diethyl ether) to give the product as white solid, mp 158-159 'C 
(Found: M+Na+, 619.2573C3oH3708N4F2 requires 619-2579, -1.0 ppm); [a]D-43.8 
(c 0.5, CH30H); v..,, /cm-1 3299,3279,1735,1658,1550,1524,1451,1436,1379, 
1337,1300,1202,1145,1094,1057,746,701,637 and 502; 8H(CDC13) 7.4 (IH, d, J 
7.4 Hz, NH), 7.3 (IH, m, NH), 7.3-7.1 (10H, m, Ar-H), 6.4 (IH, dd, J 8.4 Hz, J 3.3 
Hz, NH), 6.3 (IH, d, J 7.2 Hz, NH), 5.5-5.2 (IH, ddd, J 47.1 Hz, J 28.2 Hz, J -12.0 
Hz, J 1.3 Hz, CHF), 5.3-5.0 (IH, ddd, J 49.4 Hz, J 20.0 Hz, J 12.0 Hz, J 1.3 Hz, 
CHF), 4.7 (IH, m, CHMe), 4.6-4.4 (3H, m, 2x CHBn, CHMe), 3.7 ý(3H, s, OCHA, 
3.6 (3H, s, OCHA 3.2 (2H, m, CH2Ph), 3.2 (2H, m, CH2Ph), 1.3 (3H, d, J 7.2 Hz, 
CHCH3), 1.3 (3H, d, J 7.2 Hz, CHCH3); 8c (CDC13) 173.00 (COPhe), 172.8 
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(COPhe), 169.5 (C02Me), 169.0 (C02Me), 164.6 (m, 2x COCHF), 136.1,136.01, 
129.3,129.3,128.9,128.6,127.3,127.1 (Ar-C), 90.8 (dd, J 198.3 Hz, J 21.8 Hz), 
90.2 (dd, J 198.3 Hz, J 21.8 Hz), 54.9 (AlaCH), 53.4 (AlaCH), 53.4 (AlaCH), 52.6 
(CHPhe), 52.4 (CHPhe), 48.4 (OCHA 48.2 (OCHA 38.1 (CH2Ph), 36.9 (CH2Ph),, 
18.1 (AlaCHA 17.6 (AlaCH3); 8F (CDC13) -198.2 (m, CHF), -202.1 (m, CHF); m1z 
(ESI) 619.26 (M+H+, 95), 587.23 (M+-OMe, 54), 559.24 (M+-C02CH3,26), 516-20 
(M+-AlaOMe, 62), 488.20, (M+-COAlaOMe, 100). 
3.2.33 Preparation of Boc-(S)-Phe-(S)-AlaOMe 230 
I 
0fH0 
NN N-'ýýOCH3 
H 
0 N3 
NMM (2.0 cm) was added to a solution of Boc-PheOH (4.85 g, 18.28 mmol) in dry 
THF (40 cm), followed by ethyl chlorofonnate (1.74 cm3,20 mmol) at -10 OC. The 
solution was stirred for 15 min, and then a suspension of L-alanine methyl ester 
hydrochloride (2.8 g, 20 mmol) in THF (80 cm), previously neutralised with NMM 
(2 cmý), was added. The reaction was stirred at ambient temperature for 12 h and then 
diluted with ethyl acetate (50 cm). The organic phase was washed with IN HCl (3 x 
20 cm), NaHC03 (3 x 20 cm) and brine, dried over MgS04 and the solvent removed 
by evaporation to give the product as a white solid (5.91g, 91%), mp 
104-105 T 
(lit. 6' 108-109 'Q; (Found: C, 61.76; H, 7.74; N, 7.98. 
C18H26N205 requires: C, 
61.70; H, 7.48; 7.99 N%); [(XID- 3.9' (c 1.0, 
CH202); Vmax /CM-1 (KBr) 3334,3064, 
3029,2987,2951,1754,1695,1654,1542,1446,1388,1368,1171,1051,1026,990, 
861,757,717,702,670 and 574; 8H (CDC13) 7.3-7.1 (5H, m, Ar-H), 6.5 (IH, d, Ala- 
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NH), 5.0 (IH, d, Phe-NH), 4.5 (1H, m, Ala-CH), 4.3 (IH, m, Phe-CH), 3.6 (3H, s, 
OCHA 3.0 (1 H, d, J 6.1 Hz, Ph-CH2), 1.4 (9H, s, C(CH3)3), 1.3 (3H, d, J 7.2 Hz, Ala- 
CH3); 8C (CDC13) 173.3 (d, COOMe), 171.2 (CONH), 136.9,129.8,129.0,127.3 (Ar- 
56.0 (Phe-CH), 52.8 (OCHA48.5 (Ala-CH), 38.8 (Phe-CH2), 28.6 (C(CH3)3) and 
18.8 (Ala-CH3); M/Z(ESI+ve) 373.169 (M+Naý). 
3.2-34 Preparation of Boc-(S)-Phe-(S)-Ala-(S)-ValOMe 232 
0H0 
'Jý N,, _A 
OCH3 
0NN 
HH 
0 Z5H3 0 
An aqueous solution of NaOH (10 mmol, 10 cm 3) was added to a solution of Boc- 
Phe-AlaOMe (3.5 g, 10 mmol) in MeOH (30 CM3 ) at 0 T. The mixture was stirred for 
2h at 0 T. The mixture was concentrated in vacuo to obtain the sodium salt, which 
was recrystallised in acetone prior to use. The aminoester (1.75 g, 10.4 nimol) and 
HOBt (1.35 g, 10 mmol) were added to a suspension of the sodium salt in DMF (20 
cm 3 ). A solution of EDC (2.0 g, 10.4 mmol) in CHC13 (20 CM3) was then added 
dropwise at 0 T. The reaction mixture was stiffed at ambient temperature for 12 h 
and then quenched with H20(40 cm 3 ). The mixture was extracted into ethyl acetate (2 
x 50 cm 3) and the combined organic phases were washed with IN HCI (3 x 20 cm 3) 11 
NaHC03 (3 x 20 cm 3) , 
dried over MgS04 and the solvent removed under reduced 
pressure to give the crude product as a white solid (2.0 g, 44%), mp 82-85 'C; 
(Found: M+Na'-, 472-2425C23H3506N3 requires 472.2424,0.3 ppm); [OCID - 19-8' (C 
1.0, CH2C12); Vmax /CM-1 (KBr) 3305,3032,2976,1746,1649,1528,1455,1392, 
1367,1252,1168,1079,1022,859,747 and 700; 81j (CDC13) 7.3-7.1 (5H, m, Ar-H), 
6.9 (1 H, d, NH), 6.7 (1 H, d, NH), 5.1 (1 H, d, NH), 4.5 (1 H, m, Phe-CH), 4.4 (1 H, m, 
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Val-CH), 4.3 (1H, m, Ala-CH), 3.7 (3H, s, OCHA3.0 (IH, m, Ph-CH2), 2.1 (I H, m, 
CH(CH3)2),, 1.4 (9H, s, C(CH3)3), 1.3 (3H, d, J 22.0 Hz, Ala-CHA 0.9 (6H, m, Val- 
CH3); 8C (CDC13) 172.6,172.3,171.7 (CONH), 136.8,129.7,129.0,127.4 (Ar-C), 
57.7 (Val-CH), 55.9 (OCHA 52.6 (Ala-CH), 49.3 (Phe-CH), 38.7 (Ph-CH2), 31.5 
(CH(CH3)2), 28.6 (QCH3)3ý 19.4,18.8,18.2 (3 x CH3); M/Z (ESI+ve) 472.223 
(M+Na+), 450.210 (M+H+). 
3.2.35 Preparation of Boc-(S)-Val-(S)-LeuOMe 240 
00 
H ýýO, jt- 
Nq 
N 'I-"It'OCH3 
Hd 
0 ýýr 
NMM (0.5 cm) was added to a solution of Boc-ValOH (1.085 g, 5.0 mmol) in dry 
THF (20 cm). Ethyl chloroformate (0.48 cm3,5.5 mmol) was then added dropwise at 
-10 T and the solution stirred for 15 min. A suspension of 
L-leucine methyl ester 
hydrochloride (1.0 g, 5.5 mmol) in THF (20 cd), previously neutralised with NNM 
(0.5 cm) was added and the reaction stiffed at ambient temperature for 12 h. The 
reaction mixture was diluted with ethyl acetate (50 cm), washed with IN HCl (3 x 20 
cm), NaHC03 (3 x 20 cm), dried overMgS04and the solvet removed under reduced 
pressure to give the product as a white solid (1.09g, 63%), mp 119-121 
OC (lit., 7 121- 
124 'Q; (Found: M+Na+, 367.2206Cl7H32N205Na requires: 367.2209, -0,8 ppm); 
WID- 26.6' (c 1.0, CH2C12); Vmax/Cfn-' (KBr) 3352,3279,3082,2961,1760,16879 
1652ý 1553,1521,1438,1392,1367,1298,1253,1162,1093,1043,1016,985,880ý 
794,736 and 625; ki (CDC13) 6.4 (2H, d, NH), 5.1 (IH, 
d, BocNH), 4.6 (1H, 
LeuCH), 3.9 (IH, m, VaICH), 3.7 (3H, s, OMe), 2.1 (IH, m, ýCH(CH3)2), 1.7 (2H, m, 
CH2CH(CH3)2)9 1.6 (IH, m, CH2CH(CH3)2),, 1.5 (9H, s, 
C(CH3)3), 0-9 (12H, m, 2x 
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CH(CH3)2); 8C (CDC13) 173.6,171.9,156.0 (CONH), 60.3 (Val-CH), 52.7 (OCHA 
5 1.0 (Leu-CH), 41.8 (Leu-CH2), 31.2,28.7 (C(CH3)3,25.1,23.2,22.2,19.6; m1z 
(ESI+ve) 367.059 (M+Na+). 
3.2.36 Preparation of diethyl (R, R)-2,3-bismethanesulfonyloxysuccinate 
258 
MeOýS,, 
00 
0 0ý1 
S02Me 
Methanesulf, onyl chloride (0.4 cm3,5 mmol) was added to a solution of L-(+)-diethyl- 
tartrate 257 (5 mmol) and DMAP (80 mg, 0.5 mmol) in dry dichloromethane (10 CM) 
dropwise at 0 OC. The reaction mixture was stirred at ambient temperature for 72 h 
and then quenched into ice water (10 cm). The mixture was extracted into ethyl 
acetate (2 x 20 cm). The combined organic extracts were washed with saturated 
NaHC03 solution (15 cm), IN HCI (15 cm) and brine (10 cm), dried over MgS04 
and the solvent was removed under reduced pressure. Purification over silica gel 
(ethyl acetate/hexane 1: 3) afforded the product as colourless oil (50 mg, 7 %), mp 91- 
93 OC (lit., 8 88-90 'Q; 8H (CDC13) 5.6 (2H, s, 2x CH), 4.3 (4H, q, J 7.2 Hz, OCHA 
3.2 (6H, s, CH3), and 1.3 (6H, t, J 7.2 Hz, 2x CH3); 8c (CDC13) 165.2 (C=O), 76.8 (2 
x CH), 63.9 OCH2CH3,40.0 (OSO2CH3), and 14.3 OCH2CH3; M/Z (EI) 289 (M', 
10%), 243 (7), 217(5), 193 (33), 175 (35), 149 (52), 97 (100) and 79 (100). 
The main product was diethyl 2-Methanesulfonyloxy-but-2-enedioate, which eluted in 
the first fraction of the column, 8H(CDC13) 6.75 (1H, s, CH), 4.3 (4H, q, J 7.2 Hz, 
OCH2), 3.2 (6H, s, CH3) and 1.3 (611, t, J 7.2 Hz, 2x 
CH3); m/z (EI) 221 (30), 193 
(100), 165(40), 125 (31), 115 (82), 97 (81) and 69 (100). 
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3.2.37 Preparation of diethyl (R, R)-2,3-difluorosuccinate 260 
, 
-., 
0 " 0-----, 
DeoxofluorTm 250 (2.0 cm 3) was added to a solution of diethyl (2R, 3S)-2-fluoro-3- 
hydroxysuccinate 277 (440 mg, 2.1 nu-nol) in dry dichloromethane (4.0 cm 3) under 
nitrogen at -78 'C. The mixture left stirring until ambient temperature, and then 
heated at 80 "C for 12 h. The reaction mixture was cooled to room temperature, 
diluted with diethyl ether (10 cm 3) and cold 10% aqueous bicarbonate solution (10 
cm 3) . The mixture was stirred vigorously until gas evolution had ceased (10-30 min). 
The phases were separated and the organic layer washed with 2N hydrochloric acid 
0 CM), saturated sodium bicarbonate solution (10 CM) , and brine (10 cm 
3) 
. The 
solvent was dried withMgS04and then removed under reduced pressure to afford the 
product as a yellow oil (190mg, 43%). The compound was purified over silica gel 
(hexane/CH2CI2 10: 1) to give the title compound as a clear colourless liquid, (Found: 
MH+, 211.07866. C8H1304F2 requires MH, 211.078191 (ppm)); [(x]20, ) -12.2 (c 1.0, 
CH202); Vmax /CM-1 (film) 2988,2944,2913,1771,1746,1470,1397,1374,12851, 
1213,1080,1019,858,702 and 599; SH (CDC13) 5.35 (2H, AA'XXg, J 45.9 Hz, J 
28.8 Hz, J -9.8 Hz, J 1.9 Hz, 2x CHF), 4.34 (4H, q, J 7.2 Hz, 2x OCH2) and 
1.34 
(6H, t, J 7.2,2 x OCH2CHA 8C (CDC13) 87.7 (J 197.4 Hz, J 21.3 Hz, 2x CHT), 63.1 
(OCH2) and 14.4 OCH2CH3; 
8F (CDC13)-207.1 (AAXX', J 45.9 Hz, J 28.8 Hz, J- 
9.8 Hz, J 1.9 Hz, 2x CHn; m1z ý(El): 210 (1), 183 (14), 165 (31), 137 (100), 117 (8)ý 
109 (11), 90 (78), 73 (43), 45 (30) and 29 (95). 
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3.2.38 Preparation of diethyl (2R, 3R)-3-acetoxy-2-bromosuccinate 274 
Br 0 
Z 0 OY 
0 
A solution of HBr (30 %) in glacial acetic acid (34 cm) was added to stirred and ice- 
cooled L-(+)-diethyl tartrate 257 (11.6 g, 56.0 mmol). The mixture was stiffed for 4h 
in the dark at ambient temperature. Ice water (20 cm) was added and the solution was 
extracted with diethyl ether (2 x 20 cm). The combined organic extracts were washed 
with saturated brine (20 cm), dried over MgS04 and evaporated under reduced 
pressure to give diethyl. (2R, 3R)-3-acetoxy-2-bromosuccinate as a pale yellow oil 
(10.5 g, 61 %), bp 159-170 T (1.0 Torr), lit., 9 145-1500C (0.5 Torr); [(X120D -6.60 (c 
2.5, CH202); Vmax/CM-1 (film) 2986,1756,1468,1447,1373,1269,1025,936; 8H 
(CDC13) 5.6 (IH, d, J 5.4 Hz, CHBr), 4.8 (IH, d, J 5.4 Hz, CHOR, 4.3 (4H, q, J 7.2 
Hz, OCH2), 2.2 (3H, s, CH3COO) and 1.3 (3H, t, J 7.2 Hz, 2x CH3; 8c (CDC13)73.1 
CHOR); 63.40C1-12CH3,62.7 (OCH2CH3), 44.3 CHBr, 20.8 CH3C0), 14.4 CH3 and 
14.3 CH3; M/Z (CI-CH4) 194 (MH+), 151 (100), 149 (46), 133 (48), 95 (48), 93 (79), 
81 (66), 79 (54), 67 (48), 55 (62) and 43 (72). 
3.2.39 Preparation of diethyl (2R, 3R)-2-bromo-3-hydroxysuccinate 275 
Br 
', ', ', 
o 
-- 0---lý'*lý 0 OH 
HBr (30 %) in glacial acetic acid (3 cm) was added to a solution of diethyl (R, R)-2- 
bromo-3-acetoxy-succinate 274 (10.5 g) in dry ethanol (9 cm 3) . The solution was 
237 
Chapter 3.2 Synthetic protocols 
heated under reflux for 4h and the solvent then removed under reduced pressure. The 
residue was purified by distillation to give diethyl (2R, 3R)-2-bromo-3- 
hydroxysuccinate as a colourless oil (6.9 g, 76 %), bp 144 'C (1.0 Torr), [al2oD-27.4 
' (c 1.0, CH202); lit., 10 [(X]20D -29.90 (c 4.51, CHCIA vmax/cm-1 (film) 3482,2984, 
1738,1631,1468,1446,1371,1025 and 860; 8H (CDC13) 4.8 (1 H, d, J 3.9 Hz, CHF); 
4.77 (IH, dd, J 7.7 Hz, J 3.9 Hz, CHOH); 4.5-4.3 (4H, m, OCH2) and 1.4 (t, J 7.2 Hz, 
6H, CH3); 8c (CDC13) 170.7 (C=O), 167.0 (C=O), 72.9 (CHOH); 63.3 (OCH2), 63.0 
(OCH2), 48.2 (CHBr), 14.44 (OCH2CH3) and 14.33 (OCH2CrH3); M/Z (EI) 197 (100) 
195 (100), 169 (57), 167 (57), 71 (86) and 43 (24). 
3.2.40 Preparation of diethyl (2 S, 3R) -epoxy succinate 276 
0 CO Et N 2 
'oeý 
. 
EtO2C 
A solution of diethyl (2R, 3R)-2-bromo-3-hydroxysuccinate 275 (2.63 g, 9.8 mmol) in 
dry ethanol (2.3 cm) was added dropwise to a solution of sodium ethoxide, prepared 
from sodium (0.28 g, 12 mmol) and dry ethanol (6.6 CM3 ) at 0 'C. The reaction was 
stiffed at ambient temperature for I h, then neutralised with acetic acid and 
concentrated under reduced pressure. The residue was taken up in ice-water (10 cm) 
and the solution was extracted into diethyl ether (3 x 30 cm 3 ). The combined ether 
extracts were washed with saturated brine 
(10 CM) 
, dried over 
MgS04 and the solvent 
removed under reduced pressure to give the product as a pale yellow oil (1.4 g). 
Purification over silica gel (hexane/ethyl acetate 9: 1) afforded the product as a 
colourless oil (1.0 g, 56 %), bp 135 'C (0.5 Toff), [a] 
20 
D -7 .1 (c 
0.89, diethyl ether), 
(lit. 11, [(X]20D 
-105.5 (c 1.41, diethyl ether); V..,, 
/cm-1 3510,2985,1736,1657,1468, 
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1448,1394,1372,1031,964; SH(CDC13) 4.28 (4H, q, J 7.2 Hz, 2x OCH2); 3.67 (2HIP 
s, 2x CH) and 1.32 (6H, t, J 7.2 Hz, CH3); 8c (CDC13) 167.2 (C=O); 62.70CI12; 52.4 
CH and 14.4 OCH2CH3; M/Z (CI-CH4) 194 (MH"-), 151 (100), 149 (46), 133 (48), 95 
(48), 93 (79), 81 (66), 79 (54), 67 (48), 55 (62) and 43 (72). 
3.2.41 Preparation of diethyl (2S, 3R)-2-fluoro-3-hydroxysuccinate 277 
2H 0 
A solution of TBAF in dry THF (20 cm 3) was added to a solution of the cyclic sulfate 
297 (9.8 g, 36.5 mmol) in dry THF (40 cm) at 0 'C. The reaction mixture was stirred 
for 2h at ambient temperature. H20(0.2 cm) and H2S04 (1 -0 CM3)were added at 0T 
and the reaction mixture stirred vigorously for 2 h. The reaction mixture was 
concentrated to one third of its volume, then quenched with water ý(20 CM) , and the 
mixture extracted into ethyl acetate (3 x 50 cm). The combined organic extracts were 
washed with saturated NaHC03 solution (20 cm), IN HC1 (20 cm), and brine (20 
cm), dried over MgS04 and the solvent removed under reduced pressure to give the 
crude product as a colourless oil (6.85g, 87%), bp 133 T (I Torr), lit., 12 144-146 
(16 Toff), (Found: MH', 209.0834. C8H1405F requires MH, 209.0825); [al 
201) 
-10.8 
(c 1.0, CH202); Vmax/CM-1 (film) 3489,2987,1752,1461,1377,1028,950; 8H 
(CDC13) 5.24 (1 H, dd, J 47.0 Hz, J 2.3 Hz, CHF); 4.70 (1 H, dd, J 23.5 Hz, J 2.0 Hz, 
CHOH)-, 4.30 (4H, 2xq, j 7.2 Hz, 2x CH2CH3), 3.36 (1 H, d, OH, D20 
exchangeable) and 1.33 (3H, t, J 7.2 HZ, OCH2CH3) and 1.32 (3H, t, J 7.2 Hz, 
OCH2CH3); Sc (CDC13) 167.0 (C=O); 166.4 (C=O); 90.15 (d, J 193.0 Hz, CHF); 71.8 
(d, J 21.6 Hz, CHOH); 63.3CT12; 62.4 CH2; 14.45 CH3and 14.40 
CH3; SF(282 MHz, 
CDC13) -202.2 (dd, J 47.1 Hz, 
J 23.6 Hz, CHF); m1z (CI-CH4) 194 (MH+), 151 (100)ý 
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133 (48), 95 (48), 93 (79), 81 (66), 79 (54), 55 (62) and 43 (72). Diethyl (2R, 3S)-2- 
fluoro-3-hydroxysuccinate [, X]20D +10.8 (C 1.0, CH202); (Found: MH', 231.0645. 
C8Hl3O5FNa requires MH, 231.0645). 
3.2.42 Preparation of (R, R)-2,3 -cyclic sulfate of tartaric acid 297 
O', ý --o 
00 
U02)---ýC02D 
Thionyl chloride (4.4 cm3,60 mmol) was added to a solution of L-(+)-diethyl tartrate 
257 (10.3 g, 50 mmol) in CC14 (50 cm) at 0 'C. DMF (0.2 cm) was added and the 
solution stiffed vigorously at ambient temperature for 12 h. The reaction mixture was 
then heated under reflux for additional 2 hr to remove excess of the reagent. H20(75 
cm), MeCN (50 ml), Na104 (16 g, 75 mmol) and RUC13 (8 mg, 0.03 mmol) were 
added subsequently, and the suspension was stiffed at airnbient temperature for 2 h. 
The solid was then filtered off and the phases of the filtrate were separated. The water 
phase was extracted with diethyl ether (3 x 50 cm) and the combined organic phases 
were washed with saturated sodium hydrogen carbonate (30 cm), 1N HCI (30 CM), 
and brine (30 cm) and dried overMgS04. The solvent was removed under reduced 
pressure to afford pale yellow oil, which formed a white powder on standing. 
Recrystallisation in diethyl ether/hexane gave chunky colourless crystals (9.8 g, 73%) 
of the title compound mp 76-77 'C (lit., 13 75-76 OC); (Found: C, 36.24; H, 4.43; S, 
11.96. C8Hl308S requires: C, 35.82; H, 4.51; S, 11.95%); Found: MH', 269.0337. 
C8H1308S requires MH, 269.033 1); 
[OCID 
-67.2 (c 0.5 1, 
CHC13); Vmax/CM-1 (KBr) 
2945,1761,1560,1458,1377 and1058; 8H(CDC13) 5.6 (2H, s, CH); 4.5 (4H, q, J 7.2 
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Hz, 2x OCH2) and 1.49 (6H, t, J 7.2 Hz, 2x CH3); 8c (CDC13) 164.7 (2 x C=O); 77.5 
(CH); 64.3 (CH2CH3) and 14.3 (CH2CH3); M/Z (EI) 151 (100), 149 (46), 133 (48), 93 
(79), 81 (66), 55 (62) and 43 (72). 
3.2.43 Preparation of diethyl (2S, 3R)-2-fluoro-3-trifluoromethane- 
sulfonyloxysuccinate 323 
0 
F3C-, // 
s 
71, -o 0 0 
Et0 
OD 
0F 
Trifluoromethanesulf, onic anhydride (0.095 cm3,0.58 mmol) was added to a solution 
of diethyl 2-fluoro-3-hydroxysuccinate 277 (100 mg, 0.48 nimol) and pyridine (0.058 
ml, 0.75 mmol) in dry dichloromethane (2 cm) at - 15 T. The reaction mixture was 
stirred for 30 min and then diluted with pentane (2 cmý). The suspension was filtered 
through a small plug of silica and the solvent removed under reduced pressure to give 
the product as colorless oil (153 mg, 94%), (Found: M+Na', 363.0130. 
C9Hl2O7F4SNa requires: 363.0138 (-2.1 ppm)); v..,, /cm-1 (film) 2989,1777,14709 
1426,1376,1307,1099,1026; 8H (CDC13) 5.67 (IH, dd, J 18.1 Hz, J 1.4 Hz, 
CHOS02CF3); 5.55 (1H, dd, J 46.5 Hz, J 7.2 Hz); 4.5-4.4 (4H, m, J 7.2 Hz, 2x 
OCHA 1.33 (3H, t, J 7.2 Hz, OCH2CH3) and 1.31 (3H, t., J 7.2 Hz, OCH2CH3); 8c 
(CDC13) 164.2 (d, J 23.8 Hz, C=O), 162.9 (d, J 8.8 Hz, C=O); 118.7 (q, J 319.6 Hz, 
CF3); 86.9 (d, J 199.0 Hz, CHF); 81.4 (d, J 22.1 Hz, CHOS02CF3); 64.1 (CH2CH3); 
63.4 (CH2CH3); 14.3 (CH2CH3) and 14.2 (CH2CH3); 
8F (CDC13) -74 (3F, s, 
CF3); 
- 
199.3 (IF, dd, J 46.5 Hz, J 18.1 Hz); m1z 295 (10), 267 (22), 135 (48), 107 (100) and 
69(53). 
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3.2.44 Preparation of diethyl fluoromaleate 324 
F 
H 
Eto2 e 
C02Et 
A IM solution of TBAF (2.7 mmol, 2.7 cný) in THF was added to a solution of the 
triflate 323 in dry acetone (6 cm) slowly at 0 T. The reaction mixture was stiffed at 
ambient temperature for 1h. Ice water (10 cm) was added and the solution extracted 
into diethyl ether (3 x 10 cm). The combined organic extracts were washed with brine 
(10 cm) and the solution was dried over MgS04. The solvent was removed under 
reduced pressure and the remaining oil purified over silica gel to give the product 
(240 mg, 71 %) as a colourless oil, (Found: M+Naý, 213.0539. C8HI104FNa requires: 
213.0539,0-9 PPM); Vmax/CM-1 2986,2937,1733,1667,1432,1371,1272,1206, 
1136,1079,1028,931, and 857; SH (300 MHz, CDC13) 6.1 (IH, d, J 28.8 Hz, CH), 
4.3 (4H, q, J 7.1 Hz, OCHA 4.2 (4H, q, J 7.1 Hz, 
OCHA 1.4 (6H, t, 7.1 Hz, CHA 
and 1.3 (6H, t, 7.1 Hz, 2x 
CH3); 8c (CDC13) 163.9-153.6 (m, 2x C=O), 109.2 (d, J 
21.6 Hz, CF), 108.2 (d, J 3.2 Hz, CH), 63.0,62.1 (2 x OCH2) i, 14.4,14.3 (2 x 
CH3); 4 
(CDC13) -111.5 (d, J 21.6 Hz, CF); m/z 
(EI) 161 (21), 145 (100) and 117 (76). 
Diethyl fluorofumarate 325 was formed as a minor by-product in the reaction: 
8H (CDC13) 6.3 (1 H, d, J 30.0 Hz, CH), 4.4-4.2 (4H, m, 2x OCH2) and 1.4-1.3 (6H, 
m, 2x CH3); 8F (CDC13) -107.1 (d, J 30.0 Hz, CF); mlz 
(EI) 161 (11), 145 (20) and 
117(100). 
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3.2.45 Preparation of diethyl (2S, 3R)-2-fluoro-3-methanesulfonyloxy- 
succinate 328 
0 
H3C // 
sý, 
7/ 90 
Z 
Et0 
OEt 
0F 
Methanesulfonyl chloride (0.070 cm3,0.89 mmol) was added to a solution of diethyl 
(2R, 3S)-2-fluoro-3-hydroxysuccinate 277 (155 mg, 0.74 mmol) and NN- 
dimethylanunopyidine (109 mg, 0.89 mmol) in dry dichloromethane (2 cm) at -15 
T. The reaction mixture was stirred at ambient temperature for 5 h, then diluted with 
diethyl ether (5 cm) and quenched with ice-water (5 cm). The phases were separated 
and the organic layer was washed with IN HCl (5 CM) , H20(5 cm), and brine (5 
crn), and dried over MgS04. The solvent was removed under reduced pressure to give 
the product (186 mg., 88%) as a colourless oil, (Found: M+Naý, 309.0426. 
CgH1507FSNa requires: 309.0420, ppm); Vmax/CM-1 (film) 2989,2941,1769,1741, 
1371,1305,1261,1222,1176,1097,1030,971,923,857,791 and 756; 811 (CDC13) 
5.5 (IH, dd, J 20.2 Hz, J 2.1 Hz, CHOS02CH3); 5.4 (IH, dd, J 46.6 Hz, J 2.1 Hz, 
CHF); 4.3 (4H, q, J 7.2 Hz, 2x OCH2CHA3.2 (3H, s, 
CH3SO3) and 1.3 (6H, dt, J 7.2 
Hz, 2x CH2CH3); 8C (CDC13) 164.9,164.6 (2 x C=O), 87.9 (t, J 196.3 Hz, CHF),, 
77.3 (t, J 22.1 Hz, CHOS02Me), 63.5 (d, CH2), 63.1 (d, CH209.8 (S, S03Me), 14.4 
(OCH2CH3) and 14.3 (OCH2CH3); 8F (CDC13) -199.2 (dd, J 46.6 Hz, J 20.2 Hz); m1z 
241 (M-45,2), 221 (M-73,15), 193 (75), 135 (80), 107 (100), 97 (50), 79 (78) and 69 
(91). 
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3.2-46 Preparation of diethyl (2S, 3R)-2-Fluoro-3-(toluene-4-sulfonyloxy)- 
succinate 329 
H3C 
s 
0 
DO 
OP 
0F 
A solution of p-toluenesulfonyl chloride (238 mg, 0.125 mmol) in CH202 (2 cm) was 
added to a solution of diethyl 2-fluoro-3-hydroxysuccinate (130 mg, 0.62 mmol) and 
DMAP (115 mg, 0.94 mmol) in dry dichloromethane (3 cm) at 0 OC. The reaction 
mixture was stirred for 16 h and then quenched with ice-water (10 cm). The phases 
were separated and the organic layer washed with IN HCI (10 cný), H20 (10 cm) and 
brine (10 cmý). After drying overMgS04,, the solvent was removed under reduced 
pressure. The crude product was purified by preparative TLC (petroleunVethyl acetate 
3: 1) to give the title compound as a colourless oil (204 mg, 91 %), (Found MH', 
363.092039. CgHl30gS requires MH, 363.0914); 8H(CDC13) 7.83 (2H, d, J 8.45 Hz, 
Ar-H), 7.35 (2H, d, J 7.94 Hz, Ar-H), 5.45 (1H, dd, J 21.2 Hz, J 2.0 Hz,, CHS03Ar); 
5.26 (1 H, dd, J 47.1 Hz, J 2.3 Hz, CHF); 4.27 (2H, q, J 7.2 Hz, OCH2), 4.21 (2H, M, J 
7.2 Hz, OCH2), 2.44 (3H, s, Ph-CHA, 1.28 (3H, t, J 7.2 Hz, OCH2CH3) and 1.23 (3H7 
t, J 7.2 Hz, CH2CH3); 8C (CDC13) 165.2 (d, J 23.8 Hz,, C=O), 164.4 (d, J 8.3 Hz, 
C=O), 145.9 (Ar-C), 133.2 (Ar-C), 130.14 (Ar-H), 128.7 (Ar-H), 87.8 (d, J 197.4 Hz, 
CHF), 76.7 (d, J 22.7 Hz, CHOS02Ar), 63.2 (OCH2), 62.9 (OCH2CHA 22.1 (CH3- 
Ar), 14.35 (OCH2CH3) and 14.24 (CH2CH3); 8F (CDC13) -200.5 (dd, J 46.7 Hz, J 
21.3 Hz). 
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3.2.47 Preparation of (2R, 3S)-2-fluoromalic acid 240 
H? 0 
HOý 
OH 
0F 
IN NaOH (I cm) was added to a solution of diethyl (2R, 3S)-2-fluoromalate 277 in 
ethanol (2 CM3 ) dropwise at ambient temperature. The reaction mixture was 
neutralised after 30 min with of 4N HCI (5 cm). The concentrated under reduced 
pressure and the residue acidified to pH I by addition of concentrated HCI. The 
mixture was extracted into ethyl acetate (6 x 10 cm), and the combined organic 
extracts were washed with brine and concentrated under reduced pressure. The solid 
residue was recrystallised in acetone to afford the product as a white crystalline 
powder (60 mg, 88 % yield), mp 149-152 'C; (Found: M-H, 151.0040. C4H405F 
requires M-H, 151.0760); [CCID+ 4.6 (c 7.0, H20); Vmax/CM-1 (KBr) 3507,2924,2854, 
1759,1726,1632,1462,1377 and II 11; 8H (D20) 5.40 (1 H, dd, J 46-85 Hz, J 2.30 
Hz, CHF) and 4.85 (1 H, dd, J 22.8 Hz, J 2.0 Hz, CHOH); 8c (D20) 172.8 (q, J 9.9 Hz, 
C=O), 170.0 (q, J 24.3 Hz, C=O); 90.5 (t, J 186.9 Hz, CHF); 71.2 (t, J 22.1 Hz, 
CHOH); &F(D20) - 198.9 (dd, J 47.0 Hz, J 23.0 Hz); m1z (ESI) 151 (MH+, 
100) - 
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3.2.48 Preparation of diethyl 2-methanesulfonyloxy-but-2-enedioate 259 
H0 
Et01 
0 
OEt 
0 0117/ 
7s Ilý 
0z CH3 
A IM solution of TBAF in tetrahydrofuran (0-38 cm) was added to a solution of 
diethyl 2-fluoro-3-methanesulfonyloxysuccinate 328 (90 mg, 0.32 mmol) in dry 
tetrahydrofuran (I cm 3) dropwise at -78 T. After stirring for I h, a 1: 1 n-ýxture of 
methanol and H20(2 cm 3) was slowly added to the reaction mixture. The mixture was 
diluted with diethyl ether (2 cm) and the phases were separated. The combined 
organic extracts were wasbed with H20(2 cný) and brine (2 cm), dried over MgS04 
and the solvent was removed under reduced pressure. The residue was purified by 
preparative TLC (hexane/diethyl ether 1: 1) to give the compound as a colourless oil 
(40 mg, 47%), (Found MH+, 267.05249. C8Hl3O8S requires MH, 267.05385); 8H 
(CDC13) 6.75 (IH, s, CH); 4.33 (2H, q, J 7.2 Hz, OCH2); 4.27 (2H, q, J 7.2 Hz, 
OCH20.40 (3H, s, CH3-SO3), 1.35 (3H, t, J 7.2 Hz, OCH2CH3) and 1.32 (3H, t, J 7.2 
Hz, OCH2CH3); Sc (CDC13) 162.7 (C=O), 161.6 (C=O), 144.2 C(2), 120.4 C(3), 63.5 
(OCH2), 62.1 (OCH2CH3), 40.8 (CH3SO3), 14.38 (OCH2CH3) and 14.36 (OCH2CH3)- 
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3.2.49 Preparation of NN-dibenzyl (2S, 3R)-2-fluoro-3-hydroxyl-succin- 
amide 306 
HO 0 
H 
Ph NN 
ýý Ph 
H 
0F 
Benzylarnine (3.3 cm 3,30 mmol) was added to a solution of diethyl 2-fluoro-3- 
hydroxysuccinate 277 (1.55 g, 7.5 mmol) in dry diethyl ether (20 cm) under cooling 
in an ice bath. The reaction mixture was heated under reflux for 16 h and the 
suspension was then cooled to ensure complete precipitation of the product. The solid 
was filtered, washed with diethyl ether (2 x 10 cm) and dried en vacuo. The 
remaining solid (ms88) was recrystallised in hot chloroform to afford the product as a 
white powder (1.875 g, 80%), mp 155 T, (Found: C, 65.55; H, 5.81; N, 8.52 
C18Hl905N2F2 requires: C, 65.44; H, 5.80; N 8.48%); 
La]D+ 24.2 (c 0.5, CH30H); 
vm. /cm-1 (KBr) 3375,3300,2932,2104,2037,1650,1555,1493,1453,1432,1343! ý 
1261,1238,1127,1046,1026,746,724,696; 8H ( CD30D) 7.25-7.10 (10H, m, Ar- 
H), 5.2 (1 H, dd, J 47.9 Hz, J 2.3 Hz, CHF); 4.5 (1 H, dd, J 22.3 Hz, J 2.0 Hz, CHOH); 
4.4-4.25 (4H, m, Ph-CH2); 8c (CD30D) 172.3 (q, J 10.5 Hz, C=O), 169.5 (q, J 20.5 
Hz, C=O), 140.1,140.0,129.9,129.8,128.9,128.8,128.5,128.5 (Ar-C), 93.9 (t, J 
191.8 Hz, CHF), 74.1 (t, J 22.1 Hz, CHOH), 44.1,43.9 (d, Ph-CH2); 8F(CD30D) - 
199,9 (dd, J 47.8 Hz, J 2.3 Hz); mlz (EI) 197 (100) 195 (100), 169 (57), 167 (57), 151 
(33), 149 (33), 117 (31), 99 (19), 89 (43), 71 (86) and 43 (24). 
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3.2.50 Preparation of diethyl meso 2,3-Dihydroxysuccinate 311 
HQ 0 
20 
"OEt 
0 OH 
A stock solution0f OS04 (4 mg) in tert-butanol (4 cm) was added to a solution of N- 
methyl morpholine N-oxide (6.8 g, 50 mmol) in a 2: 1 mixture of H20 and acetone (30 
cm). Diethyl maleate 310 (8.6 g, 50 mmol) was added dropwise under cooling in an 
ice-bath and the reaction mixture stirred at ambient temperature for 12 h. A slurry of 
NaHS03 (0.5 g) and magnesium silicate (4 g) in H20 (25 cm) was added. After 
stirring for 30 min, the solids were filtered off and the filtrate neutralised with 
concentrated sulfuric acid. Acetone was removed under reduced pressure and the 
remaining aqueous solution acidified to pH 2. The residue was extracted into ethyl 
acetate (3 x 20 cm) and the combined organic extracts were washed with H20(2 x 15 
cm) and brine, dried overMgS04 and the solvent removed by evaporation. The 
remaining solid was recrystallised in hot diethyl ether to afford the product (6.36 g, 62 
%) as white needles, mp 51-52 T, (Found: C, 45.84; H, 6.99. C8H1406 requires: C, 
46.6; H, 6.84%); v..., /cm-1 (KBr) 3419,2987,1747,1639,1447,1371,1216,1126, 
1029,949,866,792 and 627; SH(CDC13) 4.58 (2H, s), 4.25 (4H, q, J 7.2 Hz, 
OCHA 
3.33 (IH, s, OH) and 1.28 (t, J 7.2 Hz, 6H, CH3); 8c (CDC13) 71.4 (C=O), 73.3 (C- 
OH), 62.7 (OCH2) and 14.5 (CH3); M/Z(EI) 207 (2) 133 (47)ý 104 (100) and 76 (82). 
248 
Chapter 3.2 Synthetic protocols 
3.2.51 Preparation of dibenzyl (2S, 3R)-2-fluoro-3-methanesulfonyloxy- 
succinicamide 332 
H3C 0 
s 
090 
H 
Ph NN 
lllý Ph YýýýH 
0F 
Methanesulfonyl chloride (0.025 cmý, 0.3 mmol) was added to a solution of dibenzyl 
(2S, 3R)-2-fluoro-3-hydroxysuccinamide 306 (63 mg, 0.2 mmol) in pyridine (1 cm). 
The reaction mixture was stirred for 12 h at ambient temperature, and then diluted 
with ethyl acetate (5 CM) . The solution was washed with saturated 
bicarbonate 
solution (2 cm), 1N HCI (2 cm), and brine (2 cm). After drying over MgS04, the 
solvent was removed under reduced pressure. The residue was purified by preparative 
TLC (hexane/ethyl acetate 1: 1) to afford the product (84 mg, 67 %) as a colorless oil, 
SH(CDC13) 7.3 -7.1 (1 OH, m, Ar-H), 6.6,6.8 (2H, m, 2x NH), 
5.6 (1 H, dd, J 16.4 Hz, 
J 1.8 Hz, CHOMs); 5.4 (IH, dd, J 46.8 Hz, J 1.8 Hz, CHF); 4.5-4.3 (4H, m, PhCH2) 
and 3.0 (3H, S, S02CH3); 8c (CD30D) 137.52,137.36,129.27,129.17,128.33, 
128.26,128.1,127.99 (Ar-C), 90.9 (d, J 196.8 Hz, CHF), 79.15 (d, J 21.6 Hz, 
CHOMs), 44.0,43.6 (PhCH2) and 39.1 (S02CH3); 
8F (CDC13) -196.5 (ddd, J 47.2 
Hz, J 20.1 Hz, J 3.44 Hz). 
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3.3 Crystallographic data for Chapter 2 
3.3.1 Erythro 1,2-difluoro-1,2-diphenylethane 103 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 27.480 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F 
Final R indices [L>2sigma(l)] 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 
msdh8 
C14 H12 F2 
218.24 
373(2) K 
0.71073 A 0 
Monoclinic 
P2(1)/n 
a=7.916(5) A 
b=5.936(3) A 
c= 12.041(7) A 0 
548.6(5) A3 
2 
1.321 Mg/M3 
0.099 niny, 
228 
Experimental 
900. 
104.145(12)0. 
90'. 
0.2000 x 0.1000 x 0.0800 mm' 
2.80 to 27.48'. 
-9<=h<=8, -6<=k<=7, -13<=I<= 14 
3755 
1098 [R(int) = 0.07281 
87.3% 
MULTISCAN 
1.0000 and 0.3438 
Full-matrix least-squares on F 
1098/0/74 
1.119 
R1=0.113 1, wR2 = 0.2989 
RI=0.1995, wR2 = 0.3734 
0.06(4) 
0.261 and -0.276 e. A-3 
0 
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3.3.2 Threo 1,2-difluoro-1,2-diphenylethane 104 
Identification code msdh14 
Empirical formula C14 H12 F2 
Formula weight 218.24 
Temperature 125(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group P2(1)/n 
Unit cell dimensions a= 10.8973(16) 900. 
b=7.3270(l 1) A 90.629(2)0. 
c= 13.940(2) AY 900. 
Volume 1112.9(3) k3 
z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25.390 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>2sigma(l)] 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 
4 
1.302 Mg/M3 
0.098 mm-1 
456 
. 19 X. 1 X. 
1 MM3 
2.36 to 25.39'. 
-l3<=h<=8, -8<=k<=8, -16<=l<=l6 
5541 
1996 [R(int) = 0.00951 
97.8% 
MULTISCAN 
1.00000 and. 940988 
Full-matrix least-squares on F2 
1996/0/146 
1.057 
RI=0.0316, wR2 = 0.0785 
RI = 0.0335, wR2 = 0.0799 
0.020(3) 
03 0.222 and -0.164 e. A- 
Bond lengths [A] and angles [01 for msdh14. 
0 
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3.3.3 Erythro 2ý3-difluorosuccinic acid 130 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25.43' 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>2sigma(l)] 
R indices (all data) 
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and bole 
msdh II 
C4 H4 F2 04 
154.07 
125(2) K 
0.71073 A 
Orthorhombic 
P2(1)2(1)2(l) 
a=6.6240(19) A 0 
b=8.868(3) A 0 
c=9.582(3) A 
562.8(3) A3 
4 
Experimental 
90'. 
ß= 90'. 
y= 900. 
1.818 Mg/M3 
0.200 nun-1 
312 
.1X. 1 X. 01 MM3 
3.74 to 25.43'. 
-7<=h<=7, -8<=k<= 10, -II <=I<= 11 
3454 
987 [R(int) = 0.0300] 
97.6% 
MULTISCAN 
1.00000 and 0.589892 
Full-matrix least-squares on F2 
987/2/100 
0.990 
RI = 0.0274, wR2 = 0.0615 
RI=0.0306, wR2 = 0.0622 
2.3(10) 
0.005(4) 
0.133 and -0.143 e. A- 
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3.3.4 Threo 2,3-difluorosuccinic acid 132 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25.340 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>2sigma(l)] 
R indices (all data) 
Largest diff. peak and hole 
msdh27 
C4 H8 F2 06 
190.10 
93(2) K 
0.71073 
Monoclinic 
C2/c 
a 18.025(6) A 
0 
b 4.7156(15) 
c 9.731(3) A 
744.9(4) A3 
oc= 900. 
P= 115.758(11)'. 
7= 900. 
4 
1.695 Mg/M3 
0.187 mm-1 
392 
0.100 x 0.100 x 0.020 MM3 
4.65 to 25.340. 
-I 9<=h<=21, -5<=k<=5, -9<=I<= 11 
1826 
615 [R(int) = 0.0486] 
90.2% 
Multiscan 
1.0000 and 0.0402 
Full-matrix least-squares on F2 
615/3/68 
1.086 
RI = 0.0410, wR2 = 0.1100 
R1 -= 0.0420, wR2 = 0.1113 
0-3 0.240 and -0.213 e. A 
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3.3.5 Methyl threo 2,3-difluoro-3-phenylpropionate 135 
Identification code msdh23 
Empirical formula C10 HIO F2 02 
Formula weight 200.18 
Temperature 293(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group P2(1)/c 
Unit cell dimensions a= 16.096(5) CC= 
go". 
b= 10.072(3) A P= 111.552(15)'. 
c= 12.286(4) AY= 900. 
Volume 1852.5(10) '3 A 
Z 8 
Density (calculated) 1.435 Mg/m3 
Absorption coefficient 0.125 mm- I 
F(OOO) 832 
Crystal size 0.20 x 0.20 x 0.04 mm3 
Theta range for data collection 3.30 to 25.34'. 
Index ranges -I 8<=h<= 12, -1 0<=k<= 12, -14<=I<= 14 
Reflections collected 9681 
Independent reflections 3183 [R(int) = 0.2710] 
Completeness to theta = 25.340 94.1% 
Absorption correction Multiscan 
Max. and min. transmission 1.0000 and 0.0032 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3183/0/256 
Goodness-offit on F2 1.047 
Final R indices [1>2sigma(l)] R1 = 0.0965, wR2 = 0.2308 
R indices (all data) R1=0.1419, wR2 = 0.2764 
Largest diff. peak and hole 
03 0.364 and -0.382 e. A- 
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3.3.6 NN-dibenzyl erythro 2,3-difluorosuccinamide 161 
Experimental 
Identification code msdh 13 
Empirical formula C18 H18 F2 N2 02 
Formula weight 332.34 
Temperature 93(2) K 
Wavelength 0.71073 
Crystal system Monoclinic 
Space group P2(1)/c 
Unit cell dimensions a=4.8021(16) cc= 90". 
b= 17.147(7) A P= 91.428(10)'. 
c=9.776(4) AY= 900. 
Volume 804.7(5) '3 A 
Z 2 
Density (calculated) 1.372 Mg/m3 
Absorption coefficient 0.106 mm7l 
F(OOO) 348 
Crystal size 0.2000 x 0.0300 x 0.0300 mm3 
Theta range for data collection 2.38 to 25.35". 
Index ranges -4<=h<=5, -1 8<=k<=20, -7 <=I<= 11 
Reflections collected 5032 
Independent reflections 1373 [R(int) = 0.09541 
Completeness to theta = 25.350 93.1 % 
Absorption correction Multiscan 
Max. and min. transmission 1.0000 and 0.4223 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1373/1/123 
Goodness-of-fit on F2 0.985 
Final R indices [1>2sigma(l)] RI = 0.0733, wR2 = 0.1705 
R indices (all data) RI=0.1372, wR2 = 0.2021 
Extinction coefficient 0.014(9) 
Largest diff. peak and hole 
0 -3 0.310 and -0.278 e. A 
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3.3.7 NN-dibenzyl erythro 2,3-difluorosuccinamide 161 
Experimental 
Identification code msdhl6 
Empirical formula C18 H18 F2 N2 02 
Formula weight 332.34 
Temperature 93(2) K 
Wavelength 0.71073 A 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions a=5.1156(7) oc= 91.807(10)0. 
b=8.6935(13) A 90.945(10)'. 
0 c= 35.584(6) Ay= 91.986(10)0. 
Volume 1580.5(4), &3 
Z 4 
Density (calculated) 1.397 Mg/m3 
Absorption coefficient 0.108 mm- 
F(OOO) 696 
Crystal size 0.100 x 0.100 x 0.040 mm3 
Theta range for data collection 3.33 to 25.35'. 
Index ranges -6<=h<=6, -8<=k<= 10, -32<=l<=41 
Reflections collected 10732 
Independent reflections 4988 [R(int) = 0.0703) 
Completeness to theta = 25.350 86.3% 
Absorption correction MULTISCAN 
Max. and min. transmission 1.0000 and 0.6866 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4988/0/426 
Goodness-of-fit on F2 2.639 
Final R indices [L->2sigma(I)j RI 0.2046, wR2 = 0.5570 
R indices (all data) RI 0.2133, wR2 = 0.5610 
Extinction coefficient 0.19(5) 
Largest diff. peak and bole 
03 1.030 and -0.716 e. A- 
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3.3.8 NA-dibenzy1succindianUe 164 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25.340 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices >2sigma(l)] 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 
msdhl8 
C18 H20 N2 02 
296-36 
93(2) K 
0.71073 A 
Triclinic 
P-1 
a=5.586(3) A a= 85.52(3)0. 
b=7.921(4) A P= 83.01(2)'. 
c= 17.265(9) AS 7= 89.81(3)0. 
755.9(7) 3 A 
2 
1.302 Mg/m3 
0.086 mrn7l 
316 
0.2000 x 0.1000 x 0.0300 mn-13 
2.38 to 25.340. 
-6<=h<=6, -9<=k<=8, -20<=I<= 13 
3846 
2285 [R(int) = 0.06541 
82.2% 
Multiscan 
1.0000 and 0.2797 
Full-matrix least-squares on F2 
2285/2/208 
0.684 
RI=0.0474, wR2 = 0.0977 
RI=0.0928, wR2 = 0.1126 
0.015(2) 
03 0.201 and -0.227 e. A- 
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3.3.9 (2R, 3S) HO-(S)-Phe-2,3-difluorosuccinyl-(S)-PheOH 218 
Identification code msdh17 
Empirical formula C22 H22 F2 N2 06 
Formula weight 448.42 
Temperature 93(2) K 
Wavelength 0.71073 
Crystal system Monoclinic 
Space group P2(l) 
Unit cell dimensions a= 11.121(2) 'A CC= 90 0. 
b=6.1323(10) A 90.179(6)'. 
0 c= 30.671(6) AY= 900. 
Volume 2091.8(7) A3 
Z 4 
Density (calculated) 1.424 Mg/m3 
Absorption coefficient 0.115 mm71 
F(OOO) 936 
Crystal size 0.2000 x 0.2000 x 0.2000 mm3 
Theta range for data collection 1.95 to 25.340. 
Index ranges -I I <=h<= 13, -7<=k<=6, -3 6<=I<=28 
Reflections collected 13463 
Independent reflections 6970 [R(int) = 0.08871 
Completeness to theta = 25.340 98.9% 
Absorption correction MULTISCAN 
Max. and min. transmission 1.0000 and 0.3854 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6970/9/611 
Goodness-of-fit on F2 1.008 
Final R indices [1>2sigma(l)] RI=0.0825, wR2 = 0.1525 
R indices (all data) RI = 0.1584, wR2 = 0.1924 
Absolute structure parameter -1.6(14) 
Extinction coefficient 0.0104(14) 
Largest diff. peak and hole 
03 0.338 and -0.326 e. A- 
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3.3.10 (2R, 3R) HO-(S)-Phe-2,3-difluorosuccinyl-(S)-PheOH 219 
Experimental 
Identification code msdh22 
Empirical formula C22.25 H22 Cl F2 N2 06 
Formula weight 486-87 
Temperature 173(2) K 
Wavelength 1.54178 A 
Crystal system Orthorhombic 
Space group P2(1)2(1)2(1) 
Unit cell dimensions a=4.9826(19) A (X= 900. 
b= 22.066(10) A P= 90'. 
c= 24-319(9) AY= 900. 
Volume 2673.7(18) '3 A 
Z 4 
Density (calculated) 1.210 Mg/m3 
Absorption coefficient 1.709 mm-1 
F(OOO) 1010 
Crystal size 0.3000 x 0.0200 x 0.0100 mm3 
Theta range for data collection 7.56 to 67.99'. 
Index ranges -5<=h<=5, -26<=k<=26, -28<=l<=29 
Reflections collected 35848 
Independent reflections 4760 [R(int) = 0.1355] 
Completeness to theta = 67.990 98.0% 
Absorption correction Multiscan 
Max. and min. transmission 1.0000 and 0.2037 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4760/8/347 
Goodness-offit on F2 1.347 
Final R indices [1>2sigma(l)] RI=0.1260, wR2 = 0.3296 
R indices (all data) R1=0.1414, wR2 = 0.3451 
Absolute structure parameter 0.23(13) 
Extinction coefficient 0.0059(17) 
Largest diff. peak and hole 
03 0.795 and -0.445 e-A- 
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3.3.11 HO-(S)-Phe-succinyl-(S)-PheOH 222 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25.350 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>2sigma(l)] 
R indices (all data) 
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole 
msdh 19 
C22 H24 N2 06 
412.43 
93(2) K 
0.71073 A 
Monoclinic 
C2 
a= 20.677(13) A 
b=7.603(5) AS 
c= 14.021(9) A 
2160(2) '3 A 
4 
Experimental 
900. 
101.443(19)'. 
90". 
1.268 Mg/M3 
0.093 mm-1 
872 
0.2000 x 0.2000 x 0.1000 mm3 
2.72 to 25.35'. 
-24<=h<=24, -9<=k<=6, -16<=1<= 16 
6405 
2799'[R(int) = 0.03931 
94.4% 
MULTISCAN 
1.0000 and 0.3483 
Full-matrix least-squares on F2 
2799/5/289 
0.955 
Rl = 0.0517, wR2 = 0.1340 
Rl = 0.0613, wR2 = 0.1447 
-0.5(17) 
0.0028(11) 
03 0.220 and -0.211 e. A- 
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3.3.12 (R, R)-Cyclic sulfate of tartaric acid 297 
Identification code msdh6/MS8 
Empirical formula C8 H12 08 S 
Formula weight 268.24 
Temperature 100(2) K 
Wavelength 0.71073 A 
Crystal system Orthorhombic 
Space group P2(1)2(l)2(1) 
Unit cell dimensions a=8.727(2) A (X= 90'. 
b=9.106(3), A 90'. 
0 c= 14.519(4) A7= 900. 
Volume 1153.7(5) A3 
Z 4 
Density (calculated) 1.544 Mg/m3 
Absorption coefficient 0.309 mm-1 
F(OOO) 560 
Crystal size 0.1300 x 0.1500 x 0.2000 mm3 
Theta range for data collection 2.72 to 25.68". 
Index ranges -8<=h<=10, -8<=k<=10, -14<=I<=16 
Reflections collected 6013 
Independent reflections 2009 [R(int) = 0.0284] 
Completeness to theta = 25.680 93.9% 
Absorption correction MULTISCAN 
Max. and min. transmission 1.0000 and 0.7741 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2009/0/155 
Goodness-of-fit on F2 1.154 
Final R indices [1>2sigma(l)] RI=0.0457, wR2 = 0.1081 
R indices (all data) RI=0.0517, wR2 = 0.1140 
Absolute structure parameter 0.00(12) 
Extinction coefficient 0.018(3) 
Largest diff. peak and hole 
03 0.266 and -0.356 e. A- 
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3.3.13 (R, R)-Cyclic sulfate of tartaric acid 312 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 26.360 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>2sigma(l)] 
R indices (all data) 
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole 
msdh7 
C8 H12 08 S 
268.24 
293(2) K 
0.71073 A 0 
Monoclinic 
Cc 
a=8.9187(18) 
b= 21.055(4) A 0 
c=6.5604(13) 
03 1163.8(4) A 
4 
900. 
109.15(3)0. 
900. 
1.531 Mg/M3 
0.306 mm-1 
560 
0.1000 x 0.0500 x 0.0500 MM3 
1.93 to 26.360. 
-I I <=h<= 10, -24<=k<=24, -6<=I<=8 
3799 
1679 [R(int) = 0.117 31 
87.7% 
MULTISCAN 
1.00000 and 0.0774 
Full-matrix least-squares on F2 
1679/2/155 
0.993 
RI=0.1104, wR2 = 0.2479 
R1 = 0.1752, wR2 = 0.3084 
0.1(3) 
0.031(10) 
03 0.615 and -0.381 e. A- 
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3.3.14 NN-dibenzyl (2S, 3R)-2-fluoro-3-hydroxylsuccindiamide 306 
Identification code msdh5 
Empirical formula C18 H19 F N2 02 
Formula weight 314.35 
Temperature 293(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group P2(l) 
Unit cell dimensions a=4.848(2) A 
b=5.027(2) AS 
c =: 17.196(7) AS 
Volume 403.3(3) A3 
z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 26.50' 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>2sigma(l)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
86.226(7)0. 
84.550(7)'. 
75.400(7)0. 
1 
1.294 Mg/M3 
0.093 mm-1 
166 
. 14 x. 1 X. 1 MM3 
2.38 to 26.500. 
-6<=h<=4, -6<=k<=6, -2 1 <=I<= 19 
2618 
2219 [R(int) = 0.10731 
96.5% 
Multiscan 
1.000000 and 0.801830 
Full-matrix least-squares on F2 
2219/3/133 
1.069 
RI = 0.0952, wR2 0.2585 
RI=0.0991, wR2 0.2645 
3(2) 
03 0.698 and -0.590 e. A- 
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3.3.15 (2S, 3R)-2-Fluoro-3-hydroxysuccinic acid 340 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 67-79' 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>2sigma(l)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 
msdh26 
C4 H7 F 06 
170.10 
173(2) K 
1.54178 
Orthorhombic 
P2(1)2(1)2(l) 
a=4.9895(7) A 90'. 
b=9.0272(12) A 90'. 0 
0 c= 14.936(2) Ay 90'. 
672.75(16) A3 
4 
1.679 Mg/M3 
1.597 mnf 1 
352 
0.100 x 0.100 x 0.010 MM3 
5.92 to 67.79'. 
-5<=h<=5, -10<=k<=10, -17<=I<=17 
8635 
1150 [R(int) = 0.07861 
95.1 % 
Multiscan 
1.0000 and 0.0288 
Full-matrix least-squares on F2 
1150/5/121 
1.077 
RI = 0.0361, wR2 = 0.0898 
RI = 0.0374, wR2 = 0.0910 
-0.4(3) 
03 0.177 and -0.210 e. A- 
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3.4 Laocoon III analysis for vicinal difluoro compounds 
3.4.1 Erythro 1,2-difluoro-1,2-diphenylethane 103 
NN= 4 FREQUENCY RANGE 0.000 600.000 
MINIMUM INTENSITYO. 01000 
INPUT PARAMETERS: 
I W(1)= 424.000 
1 W(2)= 424.000 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 2.680 
A(1,3)= 47.250 
A(1,4)= 26.000 
A(2,3)= 26.000 
A(2,4)= 47.250 
A(3,4)= 11.960 
PARAMETER SETS 
W(l) 
W(2) 
2 
A(1,2) 
3 
A(1,3) 
A(2,4) 
4 
A(1,4) 
A(2,3) 
5 
A(3,4) 
ITERATION 0 R. M. S. ERROR = 46.737 
ITERATION 1 R. M. S. ERROR = 0.294 
ITERATION 2 R. M. S. ERROR = 0.294 
BEST VALUES CASE 1 
I W(I)= 377.620 
1 W(2)= 377.620 
2 W(3)= 6424.000 
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2 W(4)= 6424.000 
A(1,2)= 2.548 
A(1,3)= 45.251 
A(1,4)= 15.210 
A(2,3)= 15.210 
A(2,4)= 45.251 
A(3,4)= 16.457 
PROBABLE ERRORS OF PARAMETER SETS 
1 0.075 
2 0.166 
3 0.174 
4 0.174 
5 0.183 
ORDERED LINES CASE I 
LINE EXPTREQ. CALCTREQ. INTEN. 
51 347.460 347.390 2.000 0.070 
55 347.460 347.390 2.000 0.070 
37 349.980 350.343 0.465 -0-363 
24 354.180 354.114 0.580 0.066 
42 367.790 368.022 1.420 -0.232 
21 369.770 369.349 1.535 0.421 
45 385.610 385.891 1.535 -0.281 
26 387.590 387.217 1.420 0.373 
34 401.440 401.126 0.580 0.314 
19 404.320 404.896 0.465 -0.576 
5 407.920 407.850 2.000 0.070 
1 407.920 407.851 2.000 0.069 
ERROR 
3.4.2 Threo 1,2-difluoro-1,2-diphenylethane 104 
NN= 4 FREQUENCY RANGE 0.000 600.000 
MINIMUM INTENSITY0.01000 
INPUT PARAMETERS: 
W(I)= 424-000 
W(2)= 424-000 
Experimental 
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2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2) = 2.680 
A(1,3) = 47.250 
A(1,4) = 26.000 
A(2,3) = 26.000 
A(2,4) = 47.250 
A(3,4) = 11.960 
PARAMETER SETS 
I 
W(l) 
W(2) 
2 
A(1,2) 
3 
A(1,3) 
A(2,4) 
4 
A(1,4) 
A(2,3) 
5 
A(3,4) 
ITERATION 0 R. M. S. ERROR = 456.685 
ITERATION I R. M. S. ERROR = 0.088 
ITERATION 2 R. M. S. ERROR = 0.080 
ITERATION 3 R. M. S. ERROR = 0.080 
BEST VALUES CASE I 
I W(I)= 880.652 
1 W(2)= 880.652 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 5.971 
A(1,3)= 47.166 
A(1,4)= 14.103 
A(2,3)= 14.103 
A(2,4)= 47.166 
A(3,4)= 17.301 
PROBABLE ERRORS OF PARAMETER SETS 
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1 0.024 
2 0.161 
3 0.057 
4 0.057 
5 0.149 
ORDERED LINES CASE I 
LINE EXPYREQ. CALCYREQ. INTEN. ERROR 
51 850.100 850.017 2.000 0.083 
55 850.100 850.017 2.000 0.083 
24 857.530 857.512 0.676 0.018 
42 868.730 868.842 1.324 -0.112 
21 872.000 872.072 1.576 -0.072 
45 889-160 889.232 1.576 -0.072 
26 892.350 892.462 1.324 -0.112 
34 903.810 903.792 0.676 0.018 
5 911.370 911.286 2.000 0.084 
1 911.370 911.287 2.000 0.083 
3.4.3 Erythro 2,3-difluorosuccinic acid 130 
NN= 4 FREQUENCY RANGE 0.000 600.000 
MINIMUM INTENSITYO. 01000 
MUT PARAMETERS: 
I W(1)= 424.000 
1 W(2)= 424.000 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 2.680 
A(1,3)= 47.250 
A(1,4)= 26.000 
A(2,3)= 26.000 
A(2,4)= 47.250 
A(3,4)= 11.960 
PARAMETER SETS 
I 
W(l) 
W(2) 
Experimental 
269 
Chapter 3 
2 
A(1,2) 
3 
A(1,3) 
A(2,4) 
4 
A(1,4) 
A(2,3) 
5 
A(3,4) 
ITERATION 0 R. M. S. ERROR = 375.060 
ITERATION 1 R. M. S. ERROR = 0.080 
ITERATION 2 R. M. S. ERROR = 0.078 
ITERATION 3 R. M. S. ERROR = 0.078 
BEST VALUES CASE I 
I W(I)= 48.944 
1 W(2)= 48.944 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 1.756 
A(1,3)= 46.678 
A(1,4)= 23.314 
A(2,3)= 23.314 
A(2,4)= 46.678 
A(3,4)= 14.005 
PROBABLE ERRORS OF PARAMETER SETS 
1 0.020 
2 0.044 
3 0.047 
4 0.047 
5 0.049 
ORDERED LINESCASE I 
LINE EXPTREQ. CALCTREQ. MTEN. ERROR 
51 13.910 13.948 2.000 -0.038 
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55 13.910 13.949 2.000 -0.039 
37 26.910 26.972 0.441 -0-062 
24 29.600 29.630 0.536 -0.030 
42 42.070 41.879 1.464 0.191 
21 42.710 42.733 1.559 -0.023 
45 55.190 55.155 1.559 0.035 
26 56.150 56.010 1.464 0.140 
34 68.210 68.258 0.536 -0.048 
19 70.870 70.916 0.441 -0.046 
5 83.900 83.940 2.000 -0.040 
1 83.900 83.941 2.000 -0.041 
3.4.4 Threo 2,3-difluorosuccinic acid 132 
NN= 4 FREQLJENCY RANGE 0.000 600.000 
MINIMUM INTENSITYO. 01000 
INPUT PARAMETERS: 
I W(I)= 424.000 
1 W(2)= 424.000 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2) = 2.680 
A(1,3) = 47.250 
A(1,4) = 26.000 
A(2,3) = 26.000 
A(2,4) = 47.250 
A(3,4) = 11.960 
PARAMETER SETS 
W(l) 
W(2) 
2 
A(1,2) 
3 
A(1,3) 
A(2,4) 
4 
A(1,4) 
A(2,3) 
5 
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A(3,4) 
ITERATION 
ITERATION 
ITERATION 
ITERATION 
0 R. M. S. ERROR = 
I R-M-S-ERROR = 
2 R. M. S. ERROR = 
3 R. M. S. ERROR = 
BEST VALUES CASE I 
I W(I)= 609.671 
1 W(2)= 609.671 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 1.587 
A(1,3)= 45.331 
A(1,4)= 31.209 
A(2,3)= 31.209 
A(2,4)= 45.331 
A(3,4)= 8.809 
185.706 
0.048 
0.047 
0.047 
PROBABLE ERRORS OF PARAMETER SETS 
1 0.012 
2 0.026 
3 0.029 
4 0.029 
5 0.029 
ORDERED LINES CASE I 
LM EXPTREQ. CALCTREQ. INTEN. 
51 571.430 571.400 2.000 0.030 
55 571.430 571.400 2.000 0.030 
37 595.710 595.705 0.407 0.005 
24 598.090 598.129 0.545 -0.039 
42 605.420 605.351 1.455 0.069 
21 606.000 606.100 1.593 -0.100 
45 613.250 613.241 1.593 0.009 
26 613.970 613.991 1.455 -0.021 
34 621.140 621.213 0.545 -0.073 
19 623.670 623.637 0.407 0.033 
5 647.970 647.941 2.000 0.029 
1 647.970 647.942 2.000 0.028 
ERROR 
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3.4.5 Dimethyl erythro 2,3 -difluoros uccin ate 126 
NN= 4 FREQUENCY RANGE 
MINIMUM INTENSITYO. 01000 
INPUT PARAMETERS: 
I W(I)= 424.000 
1 W(2)= 424.000 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2) = 2.680 
A(1,3) = 47.250 
A(1,4) = 26.000 
A(2,3) = 26.000 
A(2,4) = 47.250 
A(3,4) = 11.960 
PARAMETER SETS 
W(l) 
W(2) 
2 
A(1,2) 
3 
A(1,3) 
A(2,4) 
4 
A(1,4) 
A(2,3) 
5 
A(3,4) 
ITERATION 
ITERATION 
ITERATION 
0 R. M. S. ERROR = 
1 R. M. S. ERROR = 
2 R. M. S. ERROR = 
BEST VALUES CASE I 
I W(1)= 62.997 
1 W(2)= 62.997 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 1.793 
A(1,3)= 47.009 
A(1,4)= 21.702 
A(2,3)= 21.702 
0.000 600.000 
361-011 
0.095 
0.095 
Experimental 
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A(2,4)= 47.009 
A(3,4)= 13.751 
PROBABLE ERRORS OF PARAMETER SETS 
1 0.024 
2 0.053 
3 0.056 
4 0.056 
5 0.059 
ORDERED LINES CASE I 
LINE EXP. FREQ. CALCTREQ. INTEN. 
51 28.690 28.641 2.000 0.049 
55 28-690 28.642 2.000 0.048 
37 40-390 40.375 0.476 0.015 
24 43.020 43.023 0.573 -0.003 
42 55.050 54.981 1.427 0.069 
21 55.730 55.919 1.524 -0.189 
45 70.160 70.075 1.524 0.085 
26 70.840 71.013 1.427 -0.173 
34 82.870 82.970 0.573 -0.100 
19 85.720 85.619 0.476 0.101 
1 97.400 97.353 2.000 0.047 
5 97.400 97.353 2.000 0.047 
ERROR 
3.4.6 Dimethyl threo 2,3 -difluorosuccin ate 127 + 128 
NN= 4 FREQUENCY RANGE 0.000 600.000 
MINIMUM INTENSITY0.01000 
INPUT PARAMETERS: 
I W(I)= 424-000 
1 W(2)= 424-000 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 2.680 
A(1,3)= 47.250 
A(1,4)= 26.000 
A(2,3)= 26.000 
Experimental 
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A(2,4)= 47.250 
A(3,4)= 11.960 
PARAMETER SETS 
W(l) 
W(2) 
2 
A(1,2) 
3 
A(1,3) 
A(2,4) 
4 
A(1,4) 
A(2,3) 
5 
A(3,4) 
ITERATION 0 R. M. S. ERROR = 52.874 
ITERATION I R. M. S. ERROR = 0.330 
ITERATION 2 R. M. S. ERROR = 0.330 
BEST VALUES CASE I 
I W(I)= 476-828 
1 W(2)= 476.828 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2) = 1.766 
A(1,3) = 45.666 
A(1,4) = 28.863 
A(2,3) = 28.863 
A(2,4) = 45.666 
A(3,4) = 10.140 
PROBABLE ERRORS OF PARAMETER SETS 
1 0.084 
2 0.183 
3 0.199 
4 0.199 
5 0,206 
ORDERED LINES CASE I 
LINE EXPYREQ. CALCYREQ. INTEN. ERROR 
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51 439.740 439.563 2.000 0.177 
55 439.740 439.564 2.000 0.176 
37 460.620 460.578 0.422 0.042 
24 463.440 463.254 0.554 0.186 
42 471.740 471.628 1.446 0.112 
21 471.740 472.485 1.578 -0.745 
45 481.360 481.172 1.578 0.188 
26 481.360 482.029 1.446 -0.669 
34 490.290 490.402 0.554 -0.112 
19 493.370 493.079 0.422 0.291 
1 514.270 514.092 2.000 0.178 
5 514.270 514.093 2.000 0.177 
3.4.7 Dibenzyl erythro 2,3-difluorosuccinamide 161 
NN= 4 FREQUENCY RANGE 0.000 600.000 
MINIMUM INTENSITYO. 01000 
MUT PARAMETERS: 
I W(I)= 424.000 
1 W(2)= 424.000 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 2.680 
A(1,3)= 47,250 
A(1,4)= 26.000 
A(2,3)= 26,000 
A(2,4)= 47.250 
A(3,4)= 11.960 
PARAMETER SETS 
W(l) 
W(2) 
2 
A(1,2) 
3 
A(1,3) 
A(2,4) 
4 
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A(1,4) 
A(2,3) 
5 
A(3,4) 
ITERATION 
ITERATION 
ITERATION 
0 R. M. S. ERROR = 1.238 
1 R. M. S. ERROR - 0.566 2 R. M. S. ERROR = 0.565 
BEST VALUES CASE I 
W(I)= 424.682 
1 W(2)= 424.682 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 2.139 
A(1,3)= 48.414 
A(1,4)= 24.836 
A(2,3)= 24.836 
A(2,4)= 48.414 
A(3,4)= 11.938 
PROBABLE ERRORS OF PARAMETER SETS 
1 0.144 
2 0.322 
3 0.330 
4 0.330 
5 0.352 
ORDERED LINES CASE I 
LINIE EXP. FREQ. CALCYREQ. INTEN. 
51 388.070 388.057 2.000 0.013 
55 388.070 388.058 2.000 0.012 
37 404.270 403.913 0.487 0.357 
24 406.670 407.016 0.616 -0.346 
42 415.950 416.815 1.384 -0.865 
21 418.910 417.990 1.513 0.920 
45 430.330 431.375 1.513 -1.045 
26 433.360 432.550 1.384 0.810 
34 442.750 442.348 0.616 0.402 
19 445.170 445.451 0.487 -0.281 
1 461.320 461-308 2.000 0.012 
5 461.320 461-308 2.000 0.012 
ERROR 
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3.4.8 Dibenzyl threo 2,3-difluorosuccinamide 162 
NN= 4 FREQUENCY RANGE 0.000 600.000 
MINIMUM INTENSITYO. 01000 
INPUT PARAMETERS: 
I W(I)= 424.000 
1 W(2)= 424.000 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
A(1,2)= 2.680 
A(1,3)= 47.250 
A(1,4)= 26.000 
A(2,3)= 26.000 
A(2,4)= 47.250 
A(3,4)= 11.960 
PARAMETER SETS 
W(l) 
W(2) 
2 
A(1,2) 
3 
A(1,3) 
A(2,4) 
4 
A(1,4) 
A(2,3) 
5 
A(3,4) 
ITERATION 0 R. M. S. ERROR = 62.403 
ITERATION I R. M. S. ERROR = 0.838 
ITERATION 2 R. M. S. ERROR = 0.824 
ITERATION 3 R. M. S. ERROR = 0.824 
BEST VALUES CASE I 
W(1)= 486.350 
1 W(2)= 486.350 
2 W(3)= 6424.000 
2 W(4)= 6424.000 
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A(1,2)= 2.005 
A(1,3)= 46.029 
A(1,4)= 31.340 
A(2,3)= 31.340 
A(2,4)= 46.029 
A(3,4)= 12.552 
PROBABLE ERRORS OF PARAMETER SETS 
1 0.210 
2 0.433 
3 0.540 
4 0.540 
5 0.513 
ORDERED LINES CASE I 
LINE EXPTREQ. CALCTREQ. INTEN 
51 447.680 447.665 2.000 0.015 
55 447.680 447.667 2.000 0.013 
37 468.880 468.732 0.296 0.148 
24 471.990 472.035 0.417 -0.045 
42 481.270 482.582 1.583 -1.312 
21 484.690 483.288 1.704 1.402 
45 487.790 489.412 1.704 -1.622 
26 491.260 490.118 1.583 1.142 
34 501.270 500.666 0.417 0.604 
19 503.590 503.968 0.296 -0.378 
1 525.050 525.035 2.000 0.015 
5 525.050 525.035 2.000 0.015 
ERROR 
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